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This  report  presents  the  results  and^ accomplishments  of  the  fifth  six- 
month  period  of  a  three  year  research  program  investigating  the  processing  of 
billets  from  rapidly  quenched  liquid  metals**  -t  ;4  ■ 

Various  powder  metallurgy  (P/M)  ar\d  quench-casting  techniques  have-been  l< 
employed  to  geneut  extremely  fine  dendrite  arm  spacings  and  homogeneous 
structures.  Iron,  nickel  and  cobalt-base  alloy  powders,  produced  by  steam 
atomization  (coarse  powders),  argon  atomization,  vacuum  atomization,  and  the 
rotating  electrode  process,  haVb  bbfen  consolidated  into  dense  billets  by  hot 
isostatic  pressing  (HIP)  and/or  extrusion. 

The  hot  working  properties  of  P/M  billets  and  quench-cast  bars  have-been; 
evaluated  by  hot  rolling,  high  strain  rate  tests,  and  creep  (superplastic) 
testing.  Two  P/M  superalloys,  MAR-M-509  (cobalt-base)  and  IN-100  (nickel-base) 
after  HIP  and  hot  extrusion  demonstrated  excellent  hot  workability  under  high 
strain  rate  and  creep  forming  conditions,  respectively. 

Detailed  analyses  of  microstructure,  heat  treatment,  and  mechanical 
properties  are  presented  for  all  P/M  alloys  and  compared^  to  equivalent  cast 
materials.  VRbom  temperature  properties  of  P/M  alloys  continue  to  be  far 
superior  to  tneir  cast  counterparts.  Elevated  temperature  properties  are 
significantly  improved  by  proper  heat  treatments. 
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Process i ng  of  Alloys 


I.  INTRODUCTION 

Task  I  work  on  structure  and  property  control  through  rapid  quenching  of  liquid 
metals  has  included  the  following  major  aspects  during  the  present  reporting  period: 

(1)  steam  atomization  of  MarM509  to  produce  material  for  consolidation  and  property 
determination  by  Task  III,  (2)  production  of  hot  isostatically  pressed  forging  billets, 

(3)  forging  and  hot  rolling  of  HIP  billets,  (4)  production  of  IN-100  LC  HIP  bars  for 
hot  plasticity  studies  by  Task  III,  and  (5)  gas  analysis  of  powders  before  and  after  hot 

isostatic  pressing. 

II.  EXPERIMENTAL  WORK 

A.  Melting  and  Atomization 

One  experimental  cobalt  base  alloy  was  steam  atomized.  Atomization 
conditions  are  given  in  Table  I  and  analyzed  composition  in  Table  II .  A  -4/+30 
fraction  was  chemically  cleaned  and  canned  for  hot  isostatic  pressing  and  extrusion. 

B.  Powder  Consolidation 

1 .  Hot  Isostatic  Pressing 

Hot  isostatic  pressing  was  carried  out  to  produce  forging  billets,  extrusion 
billets,  and  direct  HIP  material  for  high  temperature  plasticity  studies.  Forging 
billets  were  produced  to  demonstrate  the  feasibility  of  the  use  of  HIP  in  the  process 
route  for  manufacture  of  forged  superalloy  parts  starting  from  powder.  In  the  case 
of  IN-100  LC,  three  HIP  conditions  were  used  to  explore  the  effects  of  HIP  para¬ 
meters  on  subsequent  forgeability.  In  parallel  with  this  full  scale  forging  study, 
direct  HIP  IN-100  LC  material  was  prepared  in  the  form  of  bars  using  the  same 
process  parameters  as  for  t^e  forging  preforms.  Additional  parameters  were  also  used 
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The  objective  was  to  determine  the  usefulness  of  an  independent  plasticity 
study  to  determine  optimum  HIP  conditions  for  subsequent  Forging.  This 
work  is  currently  in  progress  in  Task  III,  using  material  prepared  by  Task  I. 

A  summary  of  all  hot  isostatic  pressing  runs  carried  out  by  Task  I  in  the 
present  reporting  period  is  given  in  Table  III .  It  is  to  be  noted  that  except 
for  Run  No.  2,  all  processing  was  carried  out  at  *  15,000  psi.  This  step  was 
taken  so  that  property  data  obtained  by  Task  III  will  be  useful  for  future  refsrence 
when  commercial  production  of  large  HIP  forging  preforms  will  utilize  larger 
presses  with  15,000  psi  operating  limits.  Furthermore,  as  discussed  later  in 
this  report,  enough  gas  analyses  showing  argon  in  consolidated  material  ha /e 
been  obtained  so  that  it  was  considered  piudent  to  reduce  the  driving  force 
(process  pressure)  for  argon  leakage  through  the  welding  cans  even  though  the 
mechanism  (s)  of  argon  penetration  is  not  fully  understood  in  the  cases  where 
it  occurred. 

For  the  particular  IN- 100  LC  forging  billets  in  the  current  program. 

Figure  1  illustrates  a  welded  can  (2  H 2 1 )  8"#  x  4"  high  ready  for  consolidation 
by  hot  isostatic  pressing.  Evacuation  and  seal-off  have  been  completed.  Bake- 
out  temperatures  used  for  all  cans  before  sealing  were  1200-1400°F.  In  Figure  1, 
a  1/2"  -  13"  hex  nut  has  been  welded  to  the  top  of  the  can  to  facilitate  handling 
through  use  of  an  eye-bolt. 

2.  Forging 

Forgings  were  obtained  using  HIP  preforms  produced  by  Task  I.  All  work 
was  done  at  the  Wyman-Gordon,  Grafton,  Massachusetts  plant.  Details  of  the 
press-forging  practice  employed  were  not  available  because  of  Wyman-Gordon 's 
proprietary  interests. 

Figure  2  shows  a  transverse  section  of  a  VM-300  sheet  bar,  press  forged  in 
the  3  3/4"  direction  after  HIP  (2G10,  Run  No.  1,  Table  III).  The  original 
corners  of  the  VM-300  powder  compact  may  be  seen  as  "flutes"  on  the  top  and 
bottom . 
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To  provide  a  VM-300  consolidated  powder  material  wherein  the  original 
powder  particle  boundaries  were  substantially  deformed  by  hot-work,  the 
forged  compact  was  cut  in  half.  One-half  was  hot  rolled  by  5/8"  thickness 
(Figure  3)  and  the  other  to  3/8"  thickness.  Rolled  material  was  forwarded  to 
Task  III  for  study  of  fracture  toughness. 

Three  33  lb.  IN-100  LC  HIP  forging  billets  (Can  nos.  2H19,  2H20,  2H21, 

Table  III)  were  forged  to  ~  12"^  x»l"  thick  discs  at  Wyman-Gordon  Company. 

The  three  HIP  billets  represented  three  different  process  temperatures:  2H20  -  2250°F; 
2H19  -  2200°F;  and  2H21  -  2150°F.  Figure  4  shows  2H21  (HIP  @  2l50°F,  5  hours) 
after  forging  and  clean  up.  It  is  cpparent  that  the  HIP  process  temperature  had  a 
considerable  effect  on  forgeability.  As  shown  in  a  "side-by-side"  comparison 
in  Figure  5,  a  HIP  temperature  of  2250°F  resulted  in  "large"  edge  cracks  with 
"large"  shear  displacement.  HIP  at  2200°F  reduced  this  effect  and  HIP  at  2100°F 
produced  relatively  "fine"  edge  cracks  uniformly  dispersed  around  the  circumference. 
The  depth  of  radial  penetration  was  also  least  for  the  lowest  HIP  temperature  2150°F. 

It  should  be  noted  that  a  basic  assumption  in  this  analysis  is  uniformity  of  forging 
practice  among  the  three  pieces. 

The  trend  in  reduced  edge  cracking  at  lower  HIP  temperature  indicates  that 
HIP  of  this  powder  at  2100°F  or  even  2050°F  might  produce  even  greater  forging 
plasticity.  The  present  billets  have  been  forwarded  to  Task  III  for  fatigue  and  fracture 
toughness  studies.  Additional  hot  plasticity  material  (IN-1 00  LC)  will  be  produced 
to  determine  whether  lov.er  HIP  temperature  would  increase  hot  plasticity. 

3.  Extrusions 

Three  alloy  powders  were  produced  as  ~l/2"/  core  extruded  rods  for  Task  III. 

All  extrusions  were  produced  from  hot  isostatically  pressed  extrusion  bi  I  lei  s  (see 
Table  III).  Successful  extrusions  were  obtained  for  Mar  M  509  Homogeneous  Metals, 
Inc.  fine  powder,  Can  No.  2139;  Co-Hf,  CH8-C1  Chemstrand  powder,  Can  No.  2J62 
and  IN-100  LC  Chemstrand  powder,  Can  No.  2J62.  Can  No.  2149,  containing 
steam  atomized  and  cleaned  Mar  M  509,  bulged  and  ruptured  on  heat  up  for  extrusion 
and  could  not  be  extruded.  Can  No.  2K39  (IN- 100  LC)  was  extruded  but  the  die 
insert  failed,  and  a  cracked  «-•  2"^  bar  resulted  instead  of  the  required  l/2"^core 
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extrusion.  A  brief  summary  of  extrusion  conditions  is  given  in  Table  IV. 

4.  Microstructures 

]  2 

As  previously  shown  /  one  characteristic  of  the  structure  material  consoli¬ 
dated  by  hot  isostatic  pressing  of  powder  is  the  presence  of  particles  which  have 
undergone  little  or  no  deformation.  Other  particles  undergo  heavy  deformation 
and  recrystallize  producing  fine  grains.  The  resulting  compact  thus  hua  grain 
sizes  covering  a  range  of  *  10:1 . 

With  IN-100  LC,  which  in  addition  to  having  a  mixed  grain  size  HIP  structure, 
(Figure  6,  left),  undergoes  ^coarsening  at  2235°F,  subsequent  hot  work  (extrusion) 
has  caused  internal  fracture,  (Figure  6,  right,  lower  center).  The  origins  of  the 
fracture  appears  in  one  case  to  be  at  the  head -and-tails  of  a  prior  powder  particle 
which  did  not  deform  during  HIP.  The  original  dendrite  structure  appears  intact 
and  has  not  realigned  in  the  extrusion  direction.  Extrusion  is  a  high  strain  rate 
process  which  accentuates  the  difference  in  plasticity  of  coarse  and  fine  grain 
material  and  has  caused  internal  tearing  for  the  processing  conditions  employed. 

From  the  behavior  of  the  IN-100  LC  system  during  HIP  and  extrusion,  it 
would  appear  useful  to  consider  limiting  the  maximum  powder  porticle  size  allowable 
for  a  given  set  of  processing  condition .  This  would  reduce  the  grain  size  range 
after  HIP  and,  consequently,  the  variability  in  plasticity  between  the  "coarse" 
and  "fine"  grain  size  local  volumes  of  the  structures. 

Opportunity  to  examine  the  effects  of  a  finer  powder  mesh  size  on  processing 
response  occurred  with  Mar  M  509  "fine"  powder.  Figure  7,  left,  shows  the  structure 
after  HID;  and  Figure  7,  right,  shows  the  HIP  structure  after  extrusion.  Note  that 
the  magnification  is  500X  as  opposed  to  100X  for  IN-100,  Figure  6.  In  the  HIP 
structure  an  undeformed  "cast"  porticle  structure  is  shown  in  the  upper  half  of  the 
figure  as  quarter-circle.  Carbide  coarsening  did  not  occur  during  HIP.  The  extruded 

2  Semi-Annual  Technical  Report  No.  3,  ARPA  Contract  No.  DAHC1570C0283,  Page  4. 

Effect  of  Processing  Variables  on  Powder  Metallurgy  Rene  95,  S.  F.  Barker  &  E.  H. 
VanDerMolen,  Proceedings  2nd  International  Conference  Superalloys  Processing, 

September,  1972,  Pg.  AA19. 
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structure  shaved  no  signs  of  internal  tears.  The  conclusion  is  that  a  "fine" 
powder  size  and  absence  af  "2nd"  phase  coarsening  during  HIP  have  produced 
a  Mar  M  509  structure  which  exhibits  uniform  plasticity  during  extrusion  and 
no  internal  tearing. 

C .  Gas  Studies 

Task  III  investigation  of  heat  treatment  response  of  consolidated  cobalt 
P/Malloys  (Semi-Annual  Technica'  Report  Na.  4,  pages  89,  92)  has  indicated 
that  swelling  and  distortion  may  occur  during  high  temperature  heat  treatment. 

Since  residual  gas,  including  argon,  was  suspected  as  a  cause  of  the  above 
behavior,  an  analytical  survey  was  conducted  on  a  variety  of  powders  and 
consolidated  materials.  Table  V  lists  the  "critical"  gas  analyses  obtained 
during  the  current  reporting  period. 

Analysis  of  all  Homogeneous  Metals  powders  (as  received)  and  all 
Chemstrand  powders  (as  received)  indicated  no  detectable  argon  (powder 
analyses  1,3,4  and  5).  Although  the  powders  were  handled  in  air  which  is  *1% 
argon,  insufficient  adsorption  took  place  to  be  detectable  analytically.  Next, 
it  is  to  be  noted  that  analyses  I  and  2  show  12  ppm  and  84  ppm  argon  in  consolidated 
bar  material.  In  these  cases  the  extrusion  billets  were  prepared  by  hot  isostatic 
pressing  at  26  ksi  and  28  ksi  respectively,  with  argon  as  the  pressurization  fluid. 

It  is  to  be  further  noted  that  bar  produced  by  extrusion  of  billets  HIP'ed  at  15  ksi 
showed  no  detectable  argon. 

It  would  appear  plausible  to  assume  that  .  gan  gas  may  enter  the  powder 
compact  during  hot  isostatic  pressing.  The  mechanism  (s)  remain  in  doubt. 
Possibilities  may  include: 

1 .  Permeation  through  microporosity  in  weld  metal  areas  of  the 
HIP  can. 

2.  Permeation  through  HIP  can  wall  defects  traceable  to  original 
ingot  practice,  i.e.,  slag  stringers,  unwelded  pipe,  folds  in 
rolling,  cold  shuts,  etc. 
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3.  Diffusion  through  "sound"  material: 

a.  grain  boundary  diffusion 

b.  bulk  diffusion. 


Since  Task  III  work  has  indie  ted  that  residual  gas  in  consolidated  material 
may  adversely  affect  high  temperature  heat  treatment  response  (and  properties) 
and  since  this  gas  may  be  argon  introduced  in  hot  isostatic  pressing,  investigation 
of  the  above  possibilities  is  currently  being  carried  out. 

III.  CONCLUSIONS 

IN-100  LC  R.E.P.  powder  can  be  hot  isostatically  pressed  to  7"$  x  3  1/2" 
high,  33  lb.  forging  billets.  Press  forging  can  "successfully"  convert  these  billets 
to  ~  12"$  x  1"  thick  discs  with  edge  cracking  least  for  prior  HIP@  2150°F,  and  most 
for  prior  HIP  @  2250°F.  Plasticity  of  material  HIP'ed  at  lower  temperatures  warrants 
further  test . 

Extrusion  of  HIP  billets  at  -23  x  R.A.  resulted  in  internal  fracture  initiation 
near  "coarse"  powder  porticles.  This  finding  suggests  that  reduction  in  upper  mesh 
size  of  powder  to  be  consolidated  may  eliminate  this  type  of  defect.  Avoidance  of 
internal  tearsat  high  extrusion  R.A.  occurred  with  -80  mesh  (  <\T7ytt)  Mar  M  509 
"fine"  powder. 

Chemical  analysis  showing  argon  in  material  compacted  by  HIP  requires  further 
immediate  study.  The  powders  in  these  tests  were  "non-argon  atomized",  and  to  date 
no  model  has  yet  been  established  to  explain  the  observations. 
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Figure  1 .  HIP  billet  IN-100  LC.  8"  diameter  x  4"  high 
ready  for  pressing.  Can  No.  2H21 . 
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Figure  4.  IN-100  LC.  33  lb.  billet  HIP'ed  at  2150°F,  15  ksi,  5  hrs. 

and  press  forged  to  12"  diameter  disc.  Can  No.  2 H2 1 . 


Figure  5.  IN-100  LC  press  forged  HIP  billets.  Top:  2H21,  HIP'ed 

at  2150°F,  15  ksi,  5  hrs.,  middle:  2H19  HIP'gd  at  2200  F, 

15  ksi,  5  hrs.,  bottom:  2H20,  HIP'ed  at  2250  F,  15  ksi,  5  hrs. 


Left  half:  IN-100  LC  HIP'ed  at  2235  F,  15  ksi,  2  I 
Chemstrand  400  p  powder .  Con  No.  2J34.  Etched 
Right  half:  IN-100  LC  HIP'ed  at  2235  F,  15  ksi,  2 
plus  extrusion  at  2050  F,/*,'24X  R.A.  Can  No  2J62 
Internal  tearing  at  prior  particle  boundary.  Etched 


Left  half:  Mar  M  509  HIP'ed  at  2235°F,  15  ksi,  2  hrs. 
Homogeneous  Metals  -80  mesh  powder.  Can  No.  2142 
Etched.  Right  half:  Mar  M  509  HIP'ed  at  2235  F,  15  I 
2  hrs.  plus  extrusion  at  2050°F,  'V5X  R.A.  Can  No. 


piwi_y 

1  •J 

1 


2139,  Etched, 


* 

I 


-18- 


TASK  II 


SOLIDIFICATION  RESEARCH 


R.  Mehrabian 
P.A.  Joly 
M.C.  Flemings 


-19- 


task  II  -  SOLIDIFICATION  RESEARCH 
by 

R.  Mehrabian,  P.  A.  Joly,  M.  C.  Flemings 

In  this  part  of  the  program,  work  was  continued  on  developing  and 
evaluating  new  processes  for  atomization  of  metal  powders.  Specific  aspects 
of  these  investigations  have  included: 

1.  The  effects  of  the  independent  variables  in  the  new  Fi latomization 
process,  developed  in  this  part  of  the  program(1),  on  the  formation  and 
solidification  of  alloy  powder  particles  were  determined.  A  patent  applica¬ 
tion  based  on  this  process  was  filed  through  the  M.I.T.  patent  office. 

2.  Prealloyed  powders  of  Maraging  300  alloy,  IN-100  alloy,  and  a  Mar- 
M-509  type  alloy,  produced  by  different  atomization  processes,  were  evaluated 
with  respect  to  chemistry,  morphology,  and  segregate  spacings.  Powder 
particles  produced  by  spin  atomization,  a  new  process,  were  compared  to 
powder  particles  produced  by  older,  more  established  atomization  processes. 


1.  Filaloraization 

DetaiJs  of  a  new  process  for  atomization  of  metal  powders,  developed 
in  this  part  of  the  program,  were  reported  earlier (1).  The  process,  called 
Filatomization,  entails  filtration  and  subsequent  atomization  of  alloy 
melts  by  forcing  them  through  porous  ceramic  filters. 

Experiments  were  continued  to  investigate  the  effects  of  the  governing 
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pnrameters  (i.e.,  temperature,  filter  mater  la] ,  pore  size,  pressure,  etc.) 
on  the  mechanism  of  formation  and  size  of  the  resulting  powder  particles. 
Sintered  Al^  and  SiO,,  disc  filters,  87-150p  pore  size,  were  utilized  to 
atomize  powders  of  aluminum  and  tin  alloys.  The  apparatus  was  modified, 
such  that  formation  of  the  alloy  powder  particles  could  be  observed  and 
photographed  using  a  set  of  magnifying  lenses. 

Experimental  observations  showed  that  successful  formation  of  spherical 
powder  particles  depends  on  detachment  of  the  liquid  drops  from  the  filter 
prior  to  growth  and  coalescence  of  adjacent  drops.  Conditions  that  permit 
liquid  drops  exiting  from  adjacent  pores  to  coalesce  result  in  formation  of 
large  liquid  drops  that  do  not  completely  solidify  in  flight  and  splat  in 
the  collector  container.  The  different  variables  that  affect  formation  and 
subsequent  solidification  of  the  alloy  powder  particles  are;  (a)  pressure 
differential  across  the  ceramic  filter,  (b)  superheat  in  the  melt,  (c)  the 
wetting  angle  between  the  melt  and  the  ceramic  filter,  (d)  the  average  pore 
size  of  the  ceramic  filter,  and  (e)  the  free  flight  time  available  for  com¬ 
plete  solidification. 

(a)  Pressure 

Observations  to  date  show  that  during  Filatoraization  liquid  metal  flows 
preferentially  through  paths  of  least  resistance,  causing  a  channeling 
phenomenon  to  occur.  Hence,  only  a  small  fraction  of  the  available  pores 
are  utilized  for  drop  formation.  In  general,  increasing  the  pressure  head 
on  the  melt,  above  a  critical  maximum,  results  in  flow  through  greater  number 
of  pores  accompanied  by  consolidation  of  drops,  or  streams,  from  adjacent 
pores  (i.e.,  less  than  one  drop  diameter  apart). 
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( b)  Superhea t 

Direct  observations  during  drop  formation,  below  the  filter,  have  shown 
that  formation  of  consolidated  large  drops,  or  streams,  can  be  correlated 
to  superheat  in  the  melt.  In  general,  increasing  the  superheat  in  the 

melt  results  in  formation  of  larger  drops  before  detachment  from  the  filter 
occurs. 

(c)  Wetting 

Increased  wetting  between  the  ceramic  filter  and  the  molten  alloy  has 
an  adverse  effect  on  Filatomizution.  When  the  melt  partially  wets  the 
porous  filter,  as  in  the  case  of  aluminum  alloy  melts  and  Si02  filters, 
liquid  drops  forming  below  the  filter  spread  out  more  easily  and  result  in 
frequent  formation  of  consolidated  drops. 

(d)  Filter  Pore  Size 

As  expected,  the  diameter  of  fllatomlzed  powders  decrease  with  decreas¬ 
ing  average  pore  size  of  the  filters  used.  However,  variations  in  super¬ 
heat,  pressure,  and  wetting  angle  between  the  alloy  melt  and  the  filter, 
mentioned  above,  influence  the  average  particle  size  in  important  ways. 

(e)  Heat  Flow  and  Solidification 

Heat  flow  analysis  previously  reported(2),  in  this  part  of  the  program, 
was  refined  and  extended  to  permit  calculation  of  free  fall  times  and  distances 
necessary  for  complete  solidification  of  Filatomized  powders.  Calculations 
were  made  for  the  Maraging  300  steel  alloy  for  which  heat  transfer  coef¬ 
ficients  were  previously  determined (2) .  Figure  1  shows  plots  of  solidifica¬ 
tion  times  and  free  fall  distances  versus  drop  diameter  calculated  using 
a  heat  transfer  coefficient  h-0.0095  cal/cm2  sec’C. 
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Apparatus  Modification 

Detachment  of  liquid  drops,  prior  to  consolidation  of  adjacent  drops, 
from  the  ceramic  filters  is  the  critical  step  for  successful  Filatomization. 
Understanding  the  effects,  and  subsequent  control,  of  the  variables  listed 
above  has  been  the  major  aim  of  this  investigation.  However,  other  pro¬ 
cessing  techniques  have  also  been  developed  to  aid  in  detachment  of  the 
liquid  drops  from  the  ceramic  filters.  As  example,  one  successful  method 
has  been  to  direct  low  velocity  inert  gas  jets  transversely  across  the  base 
of  the  ceramic  filters.  A  ring  shaped,  multiple  hole,  gas  nozzle  was  located 
directly  below,  and  around  the  circumference,  of  the  ceramic  filters.  The 
slight  disturbance  of  the  forming  liquid  drops,  induced  by  the  inert  gas 
flow,  resulted  in  their  early  detachment.  Other  methods  presently  being 
investigated  are  vibration  and  application  of  electric  and  magnetic  fields. 
Finally,  other  apparatus  modifications  have  been  made  to  study  formation 
and  detachment  of  liquid  drops,  from  the  base  of  the  porous  ceramic  filters, 
by  high  speed  photography. 

2.  Evaluation  of  Powder  Particles  Produced  by  Different  Atomization  Processes 

In  this  part  of  the  work,  prealloyed  powder  particles  of  Maraging  300 
steel  alloy,  IN-100  alloy,  and  a  Mar-M-509  type  alloy,  produced  by  different 
atomization  processes  were  evaluated.  The  different  atomization  processes 
were : 

(a)  Spi' — atomization  -  A  new  proprietory  atomization  process  that  has 
been  developed  at  Chemstrand  Corporation. 

(b)  Inert  gas  atomization  -  A  prealloyed  ingot  is  remelted  in  argon  or 
vacuum,  and  atomized  by  a  stream  of  high  purity  argon  gas. 
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('  )  Vacuum  atomization  -  The  remelted  alloy  is  pressurized  and  sat¬ 
urated  with  hydrogen.  Atomization  is  obtained  through  a  "pressure  nozzle" 
operating  between  the  hydrogen  filled  chamber  and  a  vacuum  chamber. 

(d)  Rotating  Electrode  Process  -  The  end  of  a  rotating  electrode  is  arc 
melted  in  inert  atmosphere  aid  fine  droplets  are  flung  off  by  centrifugal 
force. 

(e)  Steam  atomization  -  The  prealloyed  ingot  is  remelted  in  an  atomsphere 
and  atomized  by  a  stream  of  low  pressure  steam. 

Powder  particles  of  the  three  alloys  were  characterized  by  chemical 
analysis,  morphology,  size  distribution,  and  segregate  dendrite  arm  spacings. 
Results  of  this  study  are  presented  in  Table  I  and  Figure  2.  The  spin 
atomized  powder  particles  were  by  far  the  cleanest  and  most  spherical  par¬ 
ticles  obtained  in  all  three  alloys  combined.  However,  in  each  individual 
type  of  alloy  there  were  other  comparable  processes.  For  example,  R.E.P. 
atomized  powder  particles  of  IN-100  and  vacuum  atomized  powder  particles 
of  Maraging  300  steel  alloy  both  contained  less  than  100  ppm  of  oxygen  as 
did  the  spin  atomized  powder  particles.  Table  I  also  lists  nitrogen, 
argon,  and  hydrogen  contents  of  the  powders.  As  expected,  steam  atomiza¬ 
tion  resulted  in  the  highest  oxygen  and  nitrogen  contents.  Figure  2  shows 
the  measured  secondary  dendrite  arm  spacings  in  the  different  powder  particles 
of  the  Maraging  300  steel  alloy.  Average  secondary  dendrite  arm  spacings 
in  spin  atomized  powders  is  "6  microns,  and  in  coarse  steam  and  argon  atomized 
powders  is  ~10  microns.  Results  of  dendrite  arm  spacing  measurements  in 
the  other  two  alloys  show  the  same  trend. 

Figure  3  compares  scanning  electron  micrograph  views  of  representative 
powder  particles  of  IN-100  produced  by  three  processes.  The  spin  atomized 
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powder  particles  are  smoother,  more  spherical,  and  more  uniform  in  size 
than  powder  particles  obtained  by  the  other  two  processes. 

Figure  4  shows  scanning  electron  micrograph  views  and  a  photomicro¬ 
graph  of  a  polished  and  etched  cross-section  of  Maraging  300  steel  powder. 
The  same  type  of  smooth,  well  rounded  and  uniform  powder  particles  were 
also  obtained  in  the  Mar-M-509  type  alloy. 

In  summary  then,  comparison  of  atomized  powder  particles  obtained  by 
different  atomization  processes  show  that  the  new  spin  atomization  process 
is  quite  promising  and  should  be  explored  further.  Powders  of  the  three 
alloys  were  supplied  to  other  groups  in  this  study  for  hot  isostatic 
pressing  and  extrusion  into  billets.  Some  of  the  properties  of  the  billets 
thus  produced  are  reported  in  this  volume. 


-25- 


references 

1.  Semi-Annual  Technical  Report  No.  4,  Task  II,  ARPA  Order  No.  1608 

2.  Semi-Annual  Technical  Report  No.  2,  Task  II,  ARPA  Order  No.  1608 


TABLE  I  -  POWDER  DESCRIPTION 


26 


ooe-wA 

^°TTB  OOT-NI  T333S  SutSejeh 

adXa-60S-W-aVW  Xojtb 

Xoxtb  BSBq  niBq°D  aBBq  &  oil®  aseq  uoji 


<ri 

u 

u 

a) 

4J 

id 

> 

a 

•H 

a> 


a) 

o 

cr 

M 

a) 

43 

4J 

M 

3 

+ 


e 

o 

M 

o 


i 


Ray  Robinson,  Task  III,  this  report 


FREE  FALL  DISTANCE,  METERS 
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Figure  1.  Calculated  radial  fraction  liquid  and  volume  fraction  solid  versus  free  fall  time  and  distance  for 
different  size  powder  particles  of  Maraging  300  steel  alloy. 


Figure  3.  SEM  micrograph  views  of  atomized  powder  particles  of  IN-100  alloy;  (a)  and 
(b)  show  spin  atomized  powders  at  56X  and  215X,  respectively,  (c)  and  (d) 
show  vacuum  atomized  powders  at  57X  and  22. 3X,  respectively,  (e)  and  (f) 
show  inert  gas  atomized  fine  powders  at  210X  and  1050X,  respectively. 


1 
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Figure  A. 


Spin  atomized  powders  of  Maraging  300  steel  alloy;  ( 
micrograph  views  at  19X  and  2A0X,  respectively,  (c) 
of  a  polished  and  etched  cross-section  at  200X. 


a)  and  (b)  are  SOI 
is  a  photomicrograph 
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MECHANICAL  PROPERTIES  OF  300  GRADE  MARAGING  STEELS 

A.  INTRODUCTION 

An  Improvement  of  fracture  toughness  was  previously  shown  to  occur 
by  decreasing  the  grain  size  of  commercially  available  VASCOMAX  300.  We 
have  now  carried  out  more  tests  on  grain  size  refinement  and  the  resulting 
tensile  and  fracture  toughness  properties  are  reported.  Tensile  and  frac¬ 
ture  toughness  testing  of  HIP  and  hot-rolled  high  purity  rotating  elec¬ 
trode  powder  have  been  continued.  Whereas  delamination  of  powder  parti¬ 
cles  was  a  problem  In  earlier  testing,  we  have  now  succeeded  In  producing 
a  material  completely  free  of  this  kind  of  defect. 

Research  on  the  fatigue  properties  of  300  grade  miraglng  steel  has 
been  expanded.  Both  annealed  and  aged  Vascomax  300  wire  studied.  The 
determination  of  the  cyclic  stress  strain  curves  and  the  parameters  n'  and 
k'  show  that  a  large  degree  of  cyclic  softening  takes  place.  The  S-N 
curves  for  annealed  and  aged  Vascomax  300  tested  In  dry  argon  (dewpoint 
-70°F)  are  reported.  Strain  controlled  low  cycle  fatigue  data  for  annealed 
material  were  obtained.  The  elastic  and  plastic  strain  components  of  each 
test  were  measured  and  the  results  are  plotted  together  with  the  high  cycle 
fatigue  data  and  monotonic  tensile  data. 

B.  TENSILE  AND  FRACTURE  TOUGHNESS  PROPERTIES 

In  our  last  report  It  was  shown  that  an  increase  In  fracture  toughness 
from  62  ksl  /TncF  to  71  ksl  /TncF  could  be  accomplished  without  decreasing 
the  yield-strength  by  refining  the  grain  size  from  25  microns  to  5  microns. 
In  an  attempt  to  still  further  Improve  the  fracture  toughness,  1-1/4  Inch 
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plates  of  Vascomax  300  with  a  grain  size  of  25  microns  were  hot-rolled  at 
1600,  1500  and  1400°F  to  .3  Inch  thickness  In  10%  passes.  The  materials 
v,ere  air  cooled  after  hot  rolling  and  the  resulting  grain  sizes  were 
respectively  5  microns  at  1600°F  and  1  micron  for  the  1500  and  1400°F 
rolled  material . 

Tensile  testing  In  a  direction  parallel  to  the  rolling  direction  was 
done  after  the  following  heat  treatments: 

1.  As  received  specimens  3014,  3015,  3016 

2.  As  received  +  3  hours  900°F  ageing  specimens  G3014,  G3015,  G3016 

3.  1  hour  1500°F  anneal  specimens  A3014,  A3015,  A3016 

4.  1  hour  1500°F  anneal  +  3  hours  900°F  ageing 

specimens  AG3014,  AG3015,  AG3016 

Table  I  shows  a  summary  of  the  testing  results.  The  yield  and  ultimate 
tensile  strengths  of  the  aged  material  In  both  conditions  are  higher  than 
for  the  commercial  material.  The  R.A.  of  all  AG  specimens  shows  an  Im¬ 
provement  from  the  commonly  observed  50%  to  62%.  These  same  specimens  also 
nave  a  higher  work-hardening  exponent  than  the  G  specimens  or  commercial 
material.  This  Is  of  significance  since  In  general  materials  with  a  higher 
work-hardening  exponent  show  better  fracture  tcughness  values. 

Table  I  also  gives  the  tensile  data  for  two  powder  metallurgical 
products.  Both  were  produced  from  high  purity  spinning  electrode  powder. 
The  materials  designated  ER3014,  ER3015  and  ER3016  were  extruded  and  subse¬ 
quently  hot-rolled  at  1400,  1500  and  1600°F,  respectively.  The  resulting 
grain  sizes  were  1  micron  for  ER3014  and  ER3015  and  5  microns  for  ER3016. 
The  material  Is  completely  free  of  banding  or  Inclusion  stringers.  The 
tensile  fracture  surfaces  of  all  these  materials  showed  delamlnatlon 
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between  the  original  powder-particles.  Previous  testing  has  shown  that 
such  delamination  impairs  the  fracture  toughness. 

The  last  alloy  for  which  data  are  given  in  Table  I  is  designated  HR 
91.  This  material  was  made  by  hot  Isostatlcally  pressing  (20,000  psi  at 
2200°F)  high  purity  powder  In  a  4  inch  X  6  inch  X  12  inch  can.  The  compact¬ 
ed  powder  was  then  hot-rolled  at  1900°F  to  1/4  Inch  thickness.  The  total 
reduction  accomplished  was  91%.  Materials  made  in  a  similar  way  but  with 
lower  reductions  have  repeatedly  shown  Incomplete  bonding  between  the 
powder  particles.  This  high  reduction  produced  for  the  first  time  a 
product  which  did  not  delaminate.  HR  91  showed  good  tensile  properties  and 
a  slightly  improved  R.A. 

Table  II  lists  the  fracture  toughness  values  for  commercial,  fine 
grained  and  powder  metallurgy  materials.  In  all  tests  the  fracture  surface 
was  parallel  to  the  rolling  direction.  Testing  was  carried  out  following 
ASTM  E399  70T.  The  specimen  thickness  is  0.25  inch  and  the  load  to  propa¬ 
gate  the  last  .025  inch  of  the  crack  and  the  total  number  of  cycles  to 
propagate  the  fatigue  crack  are  Indicated.  Rolling  Vascomax  300  at  1600°F 
results  in  a  material  with  a  grain  size  of  5  microns  and  a  KjC  of  71  ksi 
vTncF.  The  yield  strength  for  this  material  was  the  same  as  that  for  com¬ 
mercial  stock.  Rolling  at  1400  or  1500°F  resulted  In  slightly  lower  KTr 
values  but  increased  yield-strength  from  280  ksi  to  300  ksi.  Specimens 
undergoing  a  1  hour  1500°F  anneal  prior  to  ageing  show  a  fracture  toughness 
well  over  70  ksi  /inch,  regard* ess  of  the  rolling  temperature.  These 
materials  show  the  best  combination  of  yield  strength  (280  ksi)  and  frac¬ 
ture  toughness  (=  74  ksi  /Inch)  so  far  obtained  in  this  program. 
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Powder  metallurgy  products  have  been  HIP  pressed  and  hot-rolled  be¬ 
tween  2000  and  1800°F  with  different  rolling  reductions.  KJC  values  for 
material  rolled  69%,  83%  and  91%  are  given  In  Table  II.  HR69  and  HR83 
showed  both  extensive  delamination  between  the  original  powder  particles 
which  was  thought  to  Impair  the  toughness.  HR91  Is  completely  free  from 
any  particle  separation  but  It  shows  nonetheless  a  low  KJC  value.  It  has 
been  suggested  that  this  might  be  due  to  argon  pick  up  during  pressing. 
Argon  analysis  of  this  material  Is  now  carried  out  and  the  results  will  be 
published  In  our  next  report. 

C.  FATIGUE  OF  MARAGING  300  STEEL 

Figure  1  shows  the  high  cycle  fatigue  curves  for  annealed  and  aged 
Vascomax  300.  All  specimens  were  tested  in  dry  argon  (dewpoint  -70°F)  and 
the  specimen  direction  was  always  parallel  to  the  R.D.  of  the  material. 
Cyclic  stress  strain  curves  for  both  materials  have  been  determined  follow¬ 
ing  the  technique  of  J.D.  Morrow.  Hourglass  shaped  specimens  .25  Inch  In 
diameter  are  exposed  to  blocks  of  Increasing  and  decreasing  strain.  The 
strain  Is  the  controlled  parameter  ana  t tie  Increase  after  each  completed 
hysteresis  loop  Is  programmed  with  a  DATATRAK.  The  stress  strain  curve  Is 
formed  by  connecting  the  loop  tips  from  the  hysteresis  loops.  Between  8 
and  12  blocks  are  needed  for  the  material  to  become  cyclically  stable.  The 
envelope  of  the  different  loop  tips  is  shown  In  Figure  2  for  aged  Vascomax 
300. 

The  cyclic  stress  strain  curves  for  annealed  and  aged  material  togeth¬ 
er  with  the  monotonic  curves  are  plotted  In  Figure  3.  Cyclic  softening, 
especially  for  the  aged  material  Is  quite  large  and  is  the  reason  for  the 
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rather  poor  fatigue  limit  of  this  steel.  The  values  of  n'  and  k'  from  the 

n  I 

equation  o  =  k'(Aep/2)  are  obtained  by  plotting  the  stress  versus  the 
plastic  strain  on  log-log  coordinates.  This  plot  Is  shown  In  Figure  4  and 
the  different  values  are  Indicated.  Strain  controlled  low  cycle  fatigue 
data  have  been  obtained  so  far  for  annealed  material  only.  From  the 
hysteresis  loops  which  are  plotted  on  an  X-Y  recorder  at  regular  Intervals 
the  elastic  and  plastic  componenets  of  each  test  are  determined.  The  total 
strain  and  the  number  of  reversals  to  failure  are  of  course  also  known. 

The  results  can  be  plotted  as  Ae/2,  the  strain-amplitude  versus  the  number 
of  load  reversals  2N  on  a  log-log  plot.  In  Figure  5,  the  elastic,  plastic 
and  total  strain  curves  are  plotted  for  annealed  Vascomax  300.  Data  points 
at  101*  or  more  reversals  are  high  cycle  fatigue  data  from  Figure  1.  These 
are  obtained  by  dividing  the  stress  for  the  data  In  Figure  1  by  the  elastic 
modulus  which  was  assumed  to  be  26  X  10s  psl.  Any  plastic  strain  Is  dis¬ 
regarded  In  this  case  and  this  explains  the  slightly  different  slope  for 
the  two  elastic  lines.  The  points  where  the  elastic  line  and  the  plastic 
line  Intersect  the  one  reversal  line  should  be  the  same  as,  respectively, 
the  true  fracture  stress  divided  by  E  and  the  true  fracture  ductility  as 
obtained  In  tensile  testing.  These  points  are  Indicated  by  o^/E  and  and 
excellent  agreement  was  found  to  occur. 
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Table  I 

Tensile  Test  Data  300  Grade 
Maraging  Steel 


Specimen 

U.T.S. 
ks  1 

0.2%  Offset 
ks  i 

R.A 

3014 

153 

120 

72 

3015 

155 

121 

64 

3016 

142 

113 

65 

A3014 

148 

116 

74 

A3015 

136 

110 

75 

A3016 

140 

no 

72 

G3014 

304 

301 

57 

G3015 

302 

297 

49 

G3016 

289 

284 

53 

AG3014 

288 

284 

53 

AG3015 

286 

280 

63 

AG3016 

289 

284 

61 

ER3014 

167 

120 

79 

ER3015 

160 

122 

67 

ERG3016 

148 

115 

60 

ERG3014 

278 

276 

49 

ERG3015 

293 

290 

31 

ER3016 

292 

290 

46 

HR91 

146 

114 

74 

HRG91 

284 

277 

55 

G  indicates  3  hours  ageing  at  900°F 
A  indicates  1  hour  anneal  at  1500°F 
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Table  II 

Fracture  Toughness  of  Several  300 
Grade  Maraging  Steels 


Specimen 

Load 

Cycles 

KIC 

Average 

lbs. 

KIC 

VASCOMAX 

700 

28500 

61.6 

300 

625 

19500 

62.7 

62.6 

625 

20500 

63.3 

HR  69 

1750 

34150 

49.3 

(1/2"  specimen) 

1500 

35500 

52.5 

51.1 

1500 

40000 

51.4 

HR  33 

625 

24000 

53.9 

625 

20000 

53.7 

54.8 

625 

21500 

56.9 

HR  91 

500 

9000 

41.3 

400 

30000 

39.7 

40.0 

450 

25500 

39,1 

G3014 

500 

18000 

57.7 

500 

16000 

56.7 

57.4 

500 

17000 

57.4 

G3015 

500 

17000 

61.5 

500 

16000 

62.8 

62.3 

500 

900P 

65.1 

G3016 

500 

15000 

72.2 

500 

16000 

71.5 

71.9 

500 

17000 

75.0 

AG3014 

500 

18700 

72.5 

72.5 

AG301 5 

500 

12500 

75.1 

74.4 

500 

14300 

73.8 

AG3016 

500 

23700 

74.3 

500 

14700 

77.5 

75.1 

500 

17500 

76.5 

■»4  H 


Figure  I  -  Ten*  ion -t  impress  len  5-N  cur mbj  for  'imnmar  300  L*vt«t  In  dry  .irqn*. 
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Figure  2  -  Development  of  hysteresis  loop  tips  of  aged  Vascomax  300 
exposed  to  blocks  of  increasing  and  decreasing  strain. 
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Figure  3  -  Monotonic  and  cyclic  stress  strain  curves  for  aged  and 
annealed  Vascomax  300. 
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Figure  4  -  Cyclic  workhardening  exponent  and  annealed  Vascomax  300  as  determined 
from  the  cyclic  stress  strain  curve. 
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DEVELOPMENT  OF  P/M  COBALT-BASE  ALLOYS 
USING  RAPIDLY  QUENCHED,  PRE-ALLOYED  POWDERS 


Progress  made  in  this  program  area  since  the  last  report  includes 
the  following: 

1.  Powder  Processing  and  Alloy  Consolidation 

Steam,  vacuum,  and  spin  atomization  resulted  in  powders  differing  in 
shape,  mean  size,  size  distribution,  and  impurity  content.  Powder  morphol¬ 
ogies  in  this  program  can  be  grouped  into  three  classes:  irregularly 
shaped  flakes,  rounded  solid  particles  and  rounded  hollow  particles  which 
often  contained  large  openings  or  holes  through  the  wall.  Examples  of  each 
of  these  morphologies  were  presented  in  Figures  2  and  3,  and  in  Figure  1. 

Steam  atomization  with  its  coarse  rounded  powder  product,  economic  potential, 
and  rapid  cooling  rate  was  selected  for  the  first  atomization  trials. 

Steam  atomized  M-509  alloys  resulted  in  coarse  rounded  hollow  and  solid 
powders.  Silicon  additions  up  to  0.8wt  %,  which  had  been  found  to  aid 
spheriodization  of  another  cobalt  base  alloy  (X-45),  had  little  effect  on 
M-509  spheroidicity  (Figure  1),  but  appeared  to  be  extremely  beneficial  in 
minimizing  oxygen  contamination,  as  shown 


IMT  HT 
# 

Alloy 

Silicon 

Wt  % 

Oxygen 

ppm 

30-225 

M-509 

0 

960 

30-226 

M-509 

0 

1000 

30-227 

M-509 

0 

916 

30-112 

Hi-Zr 

.08 

700 

30-241 

Hi  W+Cr 

.4 

350 

30-111 

M-509 

.83 

200 

-45- 


The  atomization  pre-heat  temperature  for  the  above  alloys  was  2980  i  40°F 
(1640  ±  22°C). 

Steam  atomized  Cl -1  atom  %  HfC  alloy  was  converted  from  a  sharp,  flaky 
powder  to  a  rounded  powder  by  increasing  the  pre-atomization  melt  tempera¬ 
ture  from  2850°F  (1566°C)  to  3100°F  (1704°C)  and  by  adding  0.8  wt  % 
silicon.  At  the  3  atom  %  HfC  level  (9  wt  %  HfC),  high  superheats  and 
silicon  additions  were  only  partially  successful  In  spheroidizing  the  sharp, 
flaky  powder  (Figure  1).  Again,  oxygen  levels  were  lower  in  thr  powder 
containing  silicon  additions.  On  a  weight  %  basis,  silicon,  bo^on,  and  car¬ 
bon  also  lower  the  melting  point  of  cobalt  more  than  any  other  common 
alloying  addition  (*100°F  (55°C)/1  wt  %).  Details  of  size,  shape,  and 
Impurity  analyses,  are  summarized  below: 


Atomization 

Median 

Size 

DAS 

Impurities,  ppm. 

Process 

u's 

u's 

0 

N  H 

Shape 

Steam 

2000 

2.5 

200-1200 

100-600  11-24 

flaky,  hollow 
solid  spheres 

Spin 

340 

1.5 

40-50 

<10  <1 

solid  spheres 

Vacuum* 

110 

2.5 

250**-300 

10-100  5-10 

flaky,  solid 
spheres 

*  H«  solubility  method 

**  ^probably  from  retained  melting  slag 


No  argon  or  helium  was  found  in  any  atomized  powder;  nor  was  any  nitrogen 
or  hydrogen  detected  in  the  spin  atomized  powder.  DAS  values  are  approxi¬ 
mate  since  powder  particles  of  random  sizes  were  selected  for  measurement. 
Full  densification  of  all  atomized  powders,  as  determined  by 
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metallography  ,  was  achieved  by  HIP  except  for  Co-1 

atom  %  HfC  (CH2)  which  was  HIP  at  2100°F  ( 1 1 49°C )  and  14  ks 1  for  one  hour. 
Consequently  all  subsequent  HIP  runs  were  made  at  higher  temperatures  (to 
2300°F,  1260°C)  and  pressures  (to  28  ksl )  for  up  to  four  hours.  Argon 
contamination  was  Introduced  Into  several  alloys  during  the  HIP  cycle 
(Table  I).  Density  changes  after  annealing  argon  contaminated  samples  at 
2300°F  (1260°C)  were  noted  In  Table  II.  These  data  are  summarized  as  a 
function  of  Increasing  HIP  temperature  as  follows: 


Alloy 

Ar,  ppm 

DENSITY 

Time  at 
Decrease  2300°F 

%  hrs 

HIP 

Temp 

°F 

CONDITIONS 

Time  ksl 

hrs 

C51-03.4 

1.9 

5.1 

20 

2000 

2 

28 

C51-04 

0.7 

3.3 

20 

2150 

2 

27 

C51-H1 

.2 

0.1 

20 

2235 

2 

15 

CH8-C1 

.2 

0.3 

1 

2235 

2 

15 

C51-05 

.2 

15.3 

36* 

2300 

1 

28 

C51-03 

112 

5.4 

20 

2300 

2 

28 

CH6-H1 

12 

6.0 

7 

2300 

4 

26 

CH7-H2 

*  2275°F 

84 

6.8 

20 

2325 

2 

28 

Powders  which  were  HIP  at  15  ksl  (2200  ±  35°F  (1204  ±  20°C))  did  not 
pick  up  argon  during  the  HIP  cycle  nor  did  the  consolidated  alloys  swell 
during  subsequent  high  temperature  annealing.  All  powders  analysed  which 
were  HIP  at  2300°F  ( 1 260°C )  or  higher  picked  up  argon  except  for  the  HIP  + 
hot  rolled  alloy,  C51-05-HR.  All  alloys  consolidated  at  2300°F  (1260°C) 
swelled  except  for  the  W  +  Cr  modified  M-509  alloy  C52-06-HE.  Two  M-509 
alloys  which  were  HIP  at  2000°F  (1093°C)  and  2150°F  (1177°C)  picked  up 
argon  and  swelled  during  annealing  but  to  a  lesser  extent.  All  annealed 
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alloys  which  contained  argon  and/or  swelled  exhibited  rounded  porosity 
similar  to  that  shown  In  Figure  4  for  C51-05-HR.  There  Is  substantial 
evidence  Indicating  that  argon  penetrates  the  previously  evacuated  and 
welded  mild  steel  «;an  surrounding  the  powders  during  the  HIP  cycle,  and 
heat  entrapped  argon  later  causes  swelling  (density  decrease)  and  gross 
internal  porosity  upon  high  temperature  annealing. 

Duplicate  vacuum  fusion  analyses  were  made  on  the  anomalous  HIP  plus 

hot  rolled  alloys,  C51-05-HR,  with  100  ppm  of  nitrogen  being  the  only 

significant  change  In  the  results  of  Table  I.  A  dark  gray  phase  was 

observed  around  the  edges  of  some  of  the  voids  shown  In  Figure  4.  X-ray 

diffraction  analysis  of  extracted  phases  (Table  III)  was  Inconclusive  in 

identifying  this  gray  phase.  Abundant  quantities  of  Ta-rlch  MC  and  Cr-,Cr 

23  6 

were  Identified,  but  a  moderately  Intense  peak  corresponding  to  a  d-spaclng 
of  2.32  was  not  identified.  A  similar  peak  was  observed  In  both  M-509 
modifications,  CA1-01-HE  and  C-52-06-HE,  at  about  1/3  the  1ntens1ty(Table 
IV).  Neither  of  these  latter  two  alloys  swelled  after  annealing  for  7 
hours  at  2300°F  (1260°C). 

There  is  no  simple  explanation  as  to  how  argon  penetrated  the  mild 
steel  HIP  can  at  a  sufficient  rate  to  correspond  to  a  final  concentration 
up  to  100  ppm.  Fissures  or  Interconnected  porosity  in  the  TIG  weld,  In¬ 
completely  sealed  out-gas  tubes,  and  defect  structures  such  as  grain 
boundaries,  which  could  admit  small  amounts  of  argon  throughout  the  press¬ 
ing  cycle  or  which  could  become  sealed  during  the  cycle  after  initial  argon 
penetration,  are  potential  candidates  for  rapid  diffusion  paths.  If  the 
density  data  of  Table  II  reflect  quantitative  differences  In  argon  contam¬ 
ination,  It  is  Interesting  to  note  that  the  argon  concentration  was  found 
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tc  increase  in  going  from  the  outer  radius  towards  the  billet  center  of 
alloy  C51-03.  This  trend  is  consistent  with  the  view  of  argon  penetration 
early  in  the  cycle  and  then  stopping  or  slowing  down  as  the  outer  billet 
radius  compresses  and  densifies  with  the  last  densification  occurring  in 
the  center  of  the  billet. 

2.  High  Temperature  Treatments 
a.  Annealing,  Solutionizing,  and  Ageing 

Each  of  the  six  HIP  +  extruded  P/M  alloys  is  discussed  separately. 
Annealing,  solutionizing,  and  ageing  experiments  were  not  conducted  on  the 
hot  rolled  or  cast  alloys, 
i)  M-509 

One  hour  anneals  up  to  2100°F  (U49°C)  did  not  affect  the  room 
temperature  hardness,  grain  size,  or  apparent  size  or  distribution  of  the 
carbide  precipitates.  Changes  in  the  lattice  parameter  indicated  that  some 
carbide  solutionizing  was  occurring.  X-ray  diffraction  analyses  of  the  111 
and  220  peak  shapes  and  the  relative  intensities  on  polished  transverse 
sections  did  not  reveal  any  significant  changes;  the  200/111  end  220/111 
intensity  ratios  remained  about  the  same  as  for  randomly  oriented  pure 
cobalt  (0.40  and  0.25,  respectively;  ASTM  card  #15-806).  Softening 
occurred  over  the  temperature  range  2100°F  (1149°C)  to  2350°F  (1288°C) 
with  abnormal  grain  growth  occurring  at  2250  ±  50°F  (1232  ±  28°C).  The 
lattice  continued  to  expand  as  the  degree  of  solutionizing  increased  with 
temperature  until  a  maximum  lattice  expansion  of  0.09  A  (3.659  -  3.569  A, 
Table  V)  was  achieved  at  2350°F  (1288°C).  Abnormal  grain  growth  is 
characterized  by  a  significant  degree  of  texturing  in  the  220  direction  as 
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evidenced  by  ten-fold  or  greater  Increases  in  the  220/111  intensity  ratio 
and  by  increases  and  decreases  in  the  height-to-width  ratios  of  the  111  and 
220  peaks,  respectively.  Analysis  of  Cr^Cg  and  tantalum  rich  MC  carbides, 
which  were  extracted  from  samples  before  and  after  solutionizing  (Table 
XIII),  indicated  that  about  half  of  the  Cr23Cg  carbides  present  in  as- 
extruded  alloys  remained  in  solid  solution  after  water  quenching  from  the 
solutionizing  temperature.  The  actual  carbide  weight  changes  as  determined 
by  semi-quantitative  extraction  compared  favorably  with  the  calculated 
carbide  weight  fractions  indicated  in  Table  VI. 

Room  temperature  hardness  of  fully  solutionized  M-509  was  Rc  30  ±  2  as 
compared  to  a  Rc  42  hardness  value  in  the  as-extruded  condition.  Ageing 
experiments  were  conducted  to  determine  an  optimum  heat  treatment  cycle 
with  the  data  tabulated  in  Tables  VII  and  VIII.  Samples  solutionized  at 
2325  to  2350°F  (1274  to  1288°C)  were  aged  at  1650°F  (899°C)  for  1,  4,  20 
and  40  hours,  and  at  1800  and  2000°F  (982  and  1093°C)  for  1,  25  and  100 

hours. 

Some  interesting  results  can  be  extracted  from  Table  VIII.  M-509 
softened  after  a  1  hour  exposure  at  2300°F  (1260°C)  but  did  not  re-harden 
after  the  standard  ageing  cycle.  X-ray  data  indicated  abnormal  grain 
growth  had  occurred,  but  maximum  solutionizing  of  chromium  carbide  had  not 
yet  occurred  (Table  V).  Evidently  grain  size  strengthening  was  removed  by 
this  particular  heat  treatment  without  being  replaced  by  the  same  precipi¬ 
tation  hardening  which  occurs  after  the  higher  temperature  solutionizing 
treatments.  Longer  exposures  (25  and  100  hours)  at  2300°F  (1260  C) 
restored  a  degree  of  age  hardening  response  to  M-509,  but  at  reduced  hard¬ 
ness  values. 
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TMT  generally  stabilized  the  alloy  grain  structure  to  higher  tempera¬ 
tures.  The  hardness  values  of  all  TMT  M-509  alloys  after  annealing  at 
temperatures  In  excess  of  2200°F  (1 204°C)  were  higher  than  those  for  the 
as-extruded  condition  except  for  the  alloy  given  20%  RA  with  1500°F  (816°C) 
Intermediate  anneals  (Table  VIII).  Abnormal  grain  growth  occurred  between 
2250  and  2300°F  (1232  and  1260°C)  except  for  S15N20  and  S40N15  (final  I. A. 
at  2100°F  (11 40°C) )  which  exhibited  abnormal  grain  growth  between  2100  and 
2250°F  (1149  and  1 232°C)  and  no  abnormal  grain  growth  up  to  2350°F  (1288°C), 
respectively.  The  degree  of  (220)  texturing  for  all  TMT  alloys  was  about 
the  same  as  that  of  the  as-extruded  alloy  except  for  the  S40N15  alloy  which 
was  significantly  less  pronounced. 

11)  Modified  M-509  Alloys 

The  Zr  and  W-Cr  modifications  (CZi  and  C52)  of  M-509  exhibited  greater 
resistance  to  softening,  lattice  expansion,  abnormal  grain  growth  and 
texturing  during  high  temperature  annealing  treatments  than  that  of  the 
M-509  alloy.  Despite  their  respective  differences  In  chemistry  and  carbide 
content  (Table  VI),  the  modified  alloys  responded  similarly  to  annealing, 
solutlonlzlng,  and  ageing  treatment.  Alloy  CZI  had  an  excess  of  MC  carbides 
and  C52  had  an  excess  of  C^^Cg  compared  to  M-509.  The  lattice  parameters 
for  C51 ,  C52  and  CZI  alloys  were  4.44,  4.40  and  4.53  respectively,  as 
compared  to  that  of  pure  TaC  of  4.455  H  (ASTM  card  #19-1292).  The  expansion 
of  the  parameter  for  CZI  can  be  accounted  for  by  enhanced  zirconium  substi¬ 
tution  In  the  lattice  (ZrC:  aQ  =  4.698,  ASTM  card  #19-1487). 

TMT  enhanced  abnormal  grain  growth  and  texturing  In  C52-S25N18  and 
reduced  It  In  C52-S15N18  and  52-S30N21.  TMT  similarly  enhanced  abnormal 
grain  growth  and  texturing  In  the  CZI  alloys,  S20N15  and  S22N15  (final  I. A. 
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at  2100°F  (1149°C)) ,  and  reduced  it  in  S20N18. 

iii)  Co-1  and  2  atom  %  HfC  Alloys  (CH2  and  CH7) 

The  Co-HfC  alloys  responded  differently  to  heat  treatment  compared  to 
the  M-509  type  alloys.  The  major  difference  was  due  to  the  lack  of  a 
solutionizing  phase,  i.e.,  the  Co-HfC  alloys  contained  only  a  HfC  precipi¬ 
tate  which  did  not  undergo  significant  solutionizing-ageing  reactions. 

Alloys  CH2  and  CH7  did  not  show  any  lattice  change  (after  cooling)  with 
annealing  temperature  up  to  the  maximum  2300°F  (1260°C)  temperature  of  study. 

CH2  was  re-HIP  at  2300°F  (1260°C)  early  in  the  program  to  close  up 
porosity;  this  treatment  generated  a  duplex  grain  size  and  120  textured 
structure  similar  to  that  of  M-509.  Care  must  be  taken  in  comparing  the 
as-formed  properties  of  the  six  P/M  alloys  since  CH2  has  a  heat  treated 
(duplex)  structure.  The  lower  hardness  values  of  CH2  are  attributed  both 
to  its  coarse  grain  structure  and  to  its  relatively  small  amount  of 
precipitate  (2.5  -  3  vol  %  calculated  and  3.2  -  4.8  wt  %  measured  values). 
The  low  volume  fraction  of  carbides  in  CH2  probably  made  possible  the 
abnormal  grain  growth  during  re-HIP.  No  annealing  conditions  were  found 

which  would  allow  a  similar  effect  to  occur  in  CH7  (or  CH6).  Alloy  CH7 

formed  internal  porosity  when  annealed  for  short  time  periods  at  tempera¬ 
tures  above  2200°F  (1204°C),  which  caused  the  apparent  softening.  Argon 
analysis  on  this  alloy  indicated  a  concentration  of  84  ppm. 

TMT  was  very  effective  in  hardening  CH2  (re-HIP)  at  ai.nealing  tempera¬ 
tures  up  to  1800°F  (982°C),  after  which  the  hardness  fluctuated  about  the 
re-HIP  values,  presumably  caused  by  a  combination  of  recrystallization 
(normal  or  secondary)  and  partial  solutionizing  of  HfC.  TMT  was  effective 
in  raising  the  low  temperature  hardness  values  of  CH7  and  in  delaying  the 
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softening  due  to  internal  porosity  formation. 

iv)  Co-3  atom  %  HfC  (CH6) 

This  alloy  had  the  best  high  temperature  stability  of  all  of  the  alloys 
studied  in  this  program  (Table  VIII).  A  small  but  perceptible  amount  of 
lattice  expansion  occurred  upon  annealing  for  1  hour  up  to  2400°F  (131 6°C ) . 
Abnormal  grain  growth,  solutionizing-ageing  reactions,  and  220  texturing 
were  not  observed  under  any  heat  treatment  conditions.  Long  torm  annealing 
at  temperatures  of  2300°F  (1260°C)  and  higher  resulted  in  porosity  forming 
in  the  immediate  vicinity  of  carbide  precipitates.  TMT  affected  the  proper¬ 
ties  of  this  alloy  substantially  more  than  the  hardness  and  X-ray  data 
reveal.  Discussion  on  TMT  for  this  alloy  is  reserved  for  the  mechanical 
properties  section. 

b.  Grain  Coarsening 

Uniform  grain  coarsening  was  predictable  for  M-509  type  alloys  up  to 
2250  ±  50°C  (1232  ±  28°C),  for  CH2  only  after  TMT  had  recrystallized  the 
duplex  re-HIP  structure,  and  for  CH7  and  CH6  up  to  their  incipient  melting 
points.  TMT  of  the  M-509  type  alloys  raised  the  uniform  coarsening  range 
about  50°F  (28°C),  but  had  no  significant  effect  on  CH6.  These  observa¬ 
tions  are  based  on  the  evaluation  of  literally  hundreds  of  metal lographic 
specimens,  but  are  qualitative  in  nature  due  to  the  difficulty  in  resolving 
grain  boundaries  in  some  of  the  highly  worked  or  textured  samples.  In  those 
cases  where  uniform  grain  coarsening  occurred,  the  rate  of  coarsening  was 
extremely  slow  with  the  extruded  grain  size  only  increasing  by  a  factor  of 
2-4  after  exposures  of  100-125  hours.  *  Uniform  grain  coarsening  appeared  to 
be  controlled  by  the  coarsening  or  solutionizing  rate  of  the  carbides,  which 
were  observed  to  be  uniformly  distributed  throughout  the  grains  and  grain 
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boundaries.  The  stability  of  CH6  to  coarsening  is  illustrated  in  Figure  o 
which  shows  the  change  in  grain  and  precipitate  structure  after  a  1  hour 
exposure  just  below  its  incipient  melting  point  (^2450°F,  1343°C). 

Abnormal  grain  growth  in  the  M-509  type  alloys  yielded  unpredictable 
grain  sizes  especially  for  the  size  range  of  the  coarse  grains  and  for  the 
fraction  of  coarse  versus  fine  grains.  Examples  of  the  grain  sizes  (mean 
intercept  diameter,  L)  found  after  various  annealing  treatments  in  alloys 
C51 ,  CH2,  and  CH6  are  listed  in  Table  IX.  Duplex  grain  sizes  are  indicated 
by  an  average  high  and  low  grain  size;  single  grain  size  numbers  are  indica¬ 
tive  of  a  uniform  grain  size. 

c.  Oxidation 

The  cumulative  weight  gain  data  in  cast  and  P/M  alloys  which  were 
exposed  to  static  air  at  2000°F  (1093°C)  for  times  up  to  100  hours  are 
summarized  below: 


k 

G 

9 

mg_ 

ms _ 

JH2 _ 

Alloy 

Cm*tn 

n 

crn^ 

__2 

cm 

J51  P/M  ,  120 

2.5 

.3 

8.3 

10.9 

C51  Cast  (Lit. 

)  .65 

.5 

7 

C52  P/M 

.3 

.7 

7.6 

26.9 

CZ1  P/M 

.9 

.5 

7.2 

5.5 

CH2  P/M 

10 

.3 

43.7 

195 

CH2  Cast 

11.6 

95 

CH7  P/M 

.25 

.8 

8.8 

26 

CH7  Cast 

2.7 

13.5 

CH6  P/M 

.5 

.3 

2.5 

.6 

CH6  Cast 

.25 

.8 

10.3 

49 

where:  G  (total  weight  gain) 

=  ktn  (hours) 

and 

g  =  total 

loose  scale 

weight,  each 

after  100  hours 

The  oxidation  resistance  and  scale  adherence  of  P/M  CH6  is  comparable 
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to,  if  not  better  than,  the  best  commercially  available  cobalt  base  super¬ 
alloy,  FSX-414,  which  relies  upon  30%  Cr  additions  for  oxidation  resistance. 
Furthermore,  this  improved  resistance  was  obtained  with  an  alloy  containing 
9  weight  %  Hf,  which  points  out  the  complexity  of  alloying  for  oxidation 
resistance;  Hf  (or  Zr)  additions  are  commonly  believed  to  be  either 
innocuous  (below  1  wt  %)  or  deleterious  to  oxidation  resistance  unless  high 
Cr  contents  (=30  wt  %)  are  used.  None  of  the  other  Hf  based  alloys  compared 
favorably  with  cast  or  P/M  M-509  except  for  cast  CH7.  The  only  alloy 
exhibiting  parabolic  rate  behavior  was  P/M  CZ1  which  closely  matched  the 
kinetics  of  cast  M-509  alloy. 

De-carburization  occurred  in  a  wide  band  beneath  the  partially  oxidized 
matrix  containing  the  surface  scale  for  all  M-509  type  alloys.  The  only 
scale  identified  on  CZ1  was  the  cobalt  chromite  spinel,  CoCr204,  which  can 
be  either  protective  or  non-protective.  P/M  alloys,  C52  and  C51 ,  had  a 
Cr^  scale  present  in  addition  to  the  chromite  spinel. 

The  Co-HfC  P/M  alloys  were  rich  in  the  two  scales,  CoO  and  CoCr^. 

CH2  had  preferential  oxidation  at  grain  boundaries;  CH7  underwent  localized 
attack  accompanied  by  severe  spalling  (Figures  6  and  7).  Both  CH2  and  CH6 
have  carbon  contents  in  excess  of  those  needed  for  stoichiometric  HfC 
formation;  CH7  is  hafnium-rich.  The  cause  (s)  for  the  unusual  protection 
arid  adherence  afforded  by  the  CoO  and  CoCr204  scales  on  CH6  were  not 
identified. 

3.  Mechanical  Properties 
a.  Room  Temperature  Tensile  Tests 
i)  M-509  Alloys 


The  refined  structure  (grains  and  precipitates)  of  as-extruded  P/M 


-55- 


M- 509  resulted  in  UTS  and  YS  values  about  70%  higher,  and  elongation  values 
about  500%  higher  than  those  of  cast  M-509  (Table  X).  High  temperature 
anneals  which  coarsened  the  P/M  structure  reduced  the  degree  of  improvement 
over  cast  values  but  in  all  cases  tensile  properties  exceeded  those  of  the 
cast  alloy.  The  lowest  rupture  elongation  value  (1%)  occurred  in  a  specimen 
containing  eutectic  carbides  at  isolated  grain  boundaries  as  a  result  of 
prior  annealing  above  the  incipient  melting  temperature.  Upon  ageing  this 
sample,  secondary  carbides  having  a  marked  degree  of  preferred  orientation 
presumeably  along  111  matrix  habit  planes  precipitated  within  the  grains. 

TMT  did  not  affect  UTS  or  ductility,  but  it  did  increase  YS  for  reduc¬ 
tions  in  area  up  to  20-30%,  at  which  point  saturation  of  a  stable  disloca¬ 
tion  sub-structure  probably  occurred.  A  decrease  in  YS  for  alloy  S30N15 
was  attributed  to  extra  I.A.'s  wh.ch  had  to  be  used  on  this  alloy  to 
achieve  30%  RA.  Stored  energy  of  TMT  was  removed  by  annealing  for  4  hours 
at  2300°F  (1260°C)  except  for  samples  swf.ged  40%  which  exhibited  a  greater 
resistance  to  softening  during  high  temperature  annealing. 

The  modified  alloys,  C52  and  CZ1 ,  behaved  in  a  similar  fashion  except 
these  alloys  had  lower  ductilities  in  the  as-extruded  condition.  Since 
precipitate  size,  volume  fraction,  and  distribution  of  carbides  for  these 
two  alloys  were  similar  to  those  of  M-509,  lower  ductility  values  are  at¬ 
tributed  to  the  nature  of  the  carbide-matrix  interface  (coherency,  orienta¬ 
tion)  or  to  the  solid  solution  matrix.  These  alloys  were  much  more  dif¬ 
ficult  to  swage  without  generating  edge  or  circumferential  cracks. 

HIP  and  HIP  plus  rolled  M-509  alloys  exhibited  limited  ductility 
except  for  the  vacuum  atomized  plus  HIP  alloy,  C51-H1,  which  was  the  only 
alloy  with  low  oxygen  content  (e.g.,  all  others  had  -1000  ppm  vs.  280  ppm 
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for  C51-H1).  The  low  ductility  values  associated  with  the  strongest  alloy, 
C51-05,  were  attributed  to  a  relatively  high  content  of  dark  gray  stringer- 
ed  material  believed  to  be  residual  steam  atomized  surface  scale.  The 
fracture  surface  was  laminated,  with  large  cracks  being  generated  along  the 
prior  stringers.  Porosity  which  formed  during  annealing  was  concentrated 
in  regions  having  a  high  density  of  the  dark  gray  phase.  X-ray  diffraction 
analysis  did  not  provide  positive  identification  of  the  gray  phase. 

ii)  Co-HfC  Alloys 

UTS  and  YS  values  of  P/M  HIP  plus  extruded  alloys  increased  as  the 
volume  fraction  of  HfC  increased,  and  these  values  were  higher  than  those 
of  comparable  cast  alloys.  TMT  increased  room  temperature  strength  values 
of  the  1  and  2  atom  %  HfC  alloys  (CH2  and  CH7)  in  a  predictable  fashion,  and 
annealing  for  four  hours  at  2300°F  (1260°C)  restored  the  as-extruded 
strength  levels  but  with  significantly  higher  ductilities.  TMT  of  the  3 
atom  %  HfC  alloy,  CH6,  resulted  in  the  highest  strength  values  and  greatest 
resistance  to  recovery  and  recrystallization  (Table  XI).  Intermediate 
annealing  at  1500°F  (81 6°C )  was  the  most  effective  treatment  with  nearly 
90%  of  the  200  and  250  ksi  Y.S.  and  UTS  values,  respectively,  being 
retained  after  a  4  hour  exposure  at  2300°F  (1260°C). 

The  greater  stability  of  HfC  in  CH6  relative  to  Cr^Cg  (and  to  a  much 
lesser  extent,  TaC)  in  M-509  allowed  HfC  precipitates  to  be  more  effective 
barriers  to  dislocation  movement  over  a  much  wider  temperature  range.  The 
ability  of  CH6  to  retain  stored  energy  of  cold  work  up  to  a  homologus 
temperature  of  0.95  is  reminescent  of  the  characteristics  of  oxide  dispersed 
alloys. 


b.  Stress  Rupture 
i )  M-509 
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Grain  size  played  a  key  role  in  determining  the  stress  rupture  proper¬ 
ties  at  the  temperatures  evaluated  (1200,  1500  and  1800°F)(649,  816  and 
982  C).  For  1800°F  (982°C)  exposures,  negative  slopes  of  (log  stress 
versus  log  rupture  life  curves)  less  than  0.2  (Tables  XII,  log  ksi/log  hrs) 
corresponded  to  coarse  (usually  duplex)  grain  sizes  (Table  IX),  while  values 
equal  to  or  exceeding  0.2  had  grain  sizes,  U,  in  the  3-1  Op  range.  Similarly, 
at  1500  and  1200°F  (816  and  649°C),  the  critical  slopes  occurred  at  -0.1, 
i.e.,  coarse  grained  alloys  had  stress  rupture  slopes  less  than  this  value. 

The  best  stress  rupture  factors  (stress  for  100  hr  life/slope)  for  M-509 
at  each  of  the  three  temperatures  were  from  as-extruded  alloys  which  had 
been  given  a  grain  coarsening  treatment  (U  =  15-300y's)  consisting  of  4 
hours  exposure  at  2300°F  (1260°C).  A  slightly  better  rupture  strength 
value  (but  a  steeper  slope)  was  obtained  by  heat  treating  at  the  incipient 
melting  temperature  (2350°F  (1288°C)  for  1  hour,  causing  eutectic  carbides 
to  form  at  grain  boundaries).  Rupture  elongation  and  reduction  of  area 
values  were  significantly  reduced  by  this  treatment  compared  to  the  2300°F 
(1260°C)  treatment  with  intergranular  cracking  occurring  along  the  grain 
boundary  carbides. 

TMT  did  not  improve  any  of  the  stress  rupture  properties  of  M-509  type 
alloys  except  for  alloy  CZ1-S22N21723  which  relied  on  the  TMT  and  a  final 
2300°F  (1260°C)  anneal  to  coarsen  the  grain  structure  into  duplex  sizes. 

As-extruded  M-509  exhibited  large  elongations  at  1800°F  (98^°C)  with  the 
largest  (102%)  occurring  at  a  stress  of  10  ksi  and  a  minimum  creep  rate  of 
0.4  hour-^. 

I 
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ii)  Co-HfC  Alloys 

Grain  size  was  not  a  prime  consideration  in  the  stress  rupture  per¬ 
formance  of  CH6  alloy  since  the  grain  size  was  stabilized  by  HfC  precipi¬ 
tates  at  L's  of  3-20y  for  all  TMT  and  annealing  treatments  (Table  IX). 

Alloy  CH2  had  a  duplex  structure  and  hence  grain  size  effects  were  important. 
Alloy  CH7  could  be  recrys tall i zed  by  high  temperature  annealing,  but  the 
grain  size  appeared  to  be  more  stable  than  in  CH2. 

The  best  1800°F  (982°C)  stress  rupture  properties  for  P/M  CH6  resulted 
from  a  TMT  consisting  of  30%  RA  using  the  maximum  I .A.  temperature  (2100°F 
(11 49°C ) ) .  In  general,  the  best  1800°F  (982°C)  stress  rupture  strengths 
(and  factors,  i.e.,  100  hr  a/slope)  were  obtained  by  TMT  without  a  final 
high  temperature  grain  coarsening  treatment.  The  1500°F  (815°C)  stress 
rupture  properties  were  better  if  the  grain  coarsening  anneal  was  used. 

The  1200°F  (649°C)  stress  rupture  properties  on  as-extruded  CH6  with  and 
without  the  anneal  were  about  the  same.  CH6  alloy  S40N18  exhibited 
anomalous  behavior  by  reversing  the  above  1800  and  1500°F  (982  and  815°C) 
trends.  High  temperature  annealing  tended  to  remove  some  of  the  stored 
energy  of  TMT  and  to  enhance  formation  of  fine  precipitates  having  a  marked 
degree  of  preferred  orientation  presumably  along  111  matrix  habit  planes. 

The  best  stress  rupture  properties  at  1800°F  (982°C)  for  alloys  CH2 
and  CH7  were  obtained  by  recrystallizing  TMT  specimens  into  uniform  grain 
structures  via  annealing  at  2300°F  (1260°C)  for  4  hours.  The  1800°F  (982°C) 
stress  rupture  strengths  of  P/M  Co-HfC  alloys  could  be  increased  to  that  of 
their  cast  counterpart  using  TMT,  but  the  slopes  of  the  cast  alloys  were 
flatter. 
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c.  Other  Aspects 

Hot  workability  of  these  alloys  was  assessed  using  high  strain  rate 
tests.  All  HIP  plus  extruded  alloys  exhibited  elongations  in  excess  of  26% 
at  strain  rates  up  to  20  sec"1  at  2100°F  (1149°C)  except  for  CH2  and  CH7. 

CH2  was  not  fully  dense  and  CH7  was  susceptible  to  swelling  and  void  forma¬ 
tion  at  the  test  temperature.  Elongations  of  about  10%  were  obtained  with 
the  only  low  oxygen  as-HIP  M-509  alloy.  Interference  by  impurities  such  as 
argon  or  residual  oxide  scale  may  have  masked  the  high  strain  rate  results 
on  steam  atomized-plus-HIP  M-509  powder.  Preliminary  hammer  forging  tests 
on  P/M  C52-HE  at  1800°F  (982°C)  and  2100°F  (1149°C)  and  on  P/M  CH6-HE  at 
1500°F  ( 81 5°C )  and  1800°F  (982°C)  were  not  encouraging.  Severe  end  cracking 
occurred  which  indicated  that  more  work  needs  to  be  done  in  this  area  to 
determine  the  optimum  forging  conditions.  The  potential  for  cold  or  hot 
working  these  alloys  appears  good;  M-509  was  solutionized  and  swaged  40% 

(RA)  at  room  temperature,  without  intermediate  anneals,  before  end  cracking 
was  observed,  and  no  difficulty  was  experienced  in  any  of  the  hot  or  warm 
rolling. 

P/M  Co-HfC  alloys  demonstrated  a  clear  superiority  in  impact  resistance 
compared  to  P/M  M-509  alloys.  Comparisons  among  all  the  alloys  are  valid, 
e.g.,  grain  sizes,  precipitate  sizes  and  distribution,  UTS  and  YS  values 
were  similar,  except  for  CH2  which  had  a  duplex  structure  and  significantly 
lower  UTS  and  YS  values. 

SUMMARY 

1.  Steam,  vacuum,  and  spin  atomization  methods  provide  acceptable  means  of 
producing  highly  alloyed,  multiphase  cobalt  base  superalloy  powders  with 
good  refinement  of  dendrites,  grains,  excess  phase  precipitates  and  melt 
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impurities.  Steam  atomization  of  cobalt-base  alloys  which  have  a  high 
reactive  metal  content,  e.g.,  M-509,  can  be  used  successfully  provided 
minor  additions  of  deoxidizers  such  as  silicon  are  made  and  an  adequate 
cleaning  treatment  used  after  atomization. 

2.  Hot  isostatic  pressing  (HIP)  provided  an  effective  means  of  consolidat¬ 
ing  all  sizes  and  shapes  of  powder  particles  into  a  fully  dense  billet 
suitable  for  evaluation  or  suitable  for  hot  working  by  extrusion  or  rolling. 
In  some  cases,  the  high  pressure  argon  used  in  HIP  penetrated  the  impaction 
containers  and  contaminated  the  densified  alloy  with  unacceptably  high 
levels  or  argon  which  subsequently  is  believed  to  have  caused  some  of  the 
swelling  and  void  formation  found  during  high  temperature  annealing  of  the 
contaminated  alloys. 

3.  HIP  plus  extruded  P/M  alloys  having  extremely  fine  grain  and  carbide 
precipitate  sizes,  had  room  temperature  YS  and  UTS  values  which  far  exceed¬ 
ed  those  of  both  cast  and  wrought  contemporary  cobalt  base  sueralloys. 

4.  Ductilities,  as  indicated  by  percent  elongation  and  RA,  of  P/M  alloys 
at  all  temperatures  and  at  strain  rates  up  to  20  sec-1  were  significantly 
better  than  their  cast  counterpart. 

5.  The  as-extruded  1200,  1500,  and  1800°F  (649,  816,  and  982°C)  stress 
rupture  properties  of  P/M  M-509  were  increased  by  a  solutionizing-ageing 
treatment  which  allowed  abnormal  (parasitic)  grain  growth  to  occur  generat¬ 
ing  a  coarse-fine  duplex  grain  size.  The  1800°F  (982°C)  stress  rupture 
properties  were  improved  four-fold  by  this  heat  treatment  but  did  not  equal 
those  of  cast  M-509. 

6.  TMT  via  swage-anneal  was  not  effective  in  strengthening  M-509  alloys 
but  was  very  effective  in  increasing  room  and  elevated  temperature  tensile 
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and  stress  rupture  properties,  respectively,  of  the  P/M  Co-HfC  alloys.  The 
1800°F  (982°C)  stress  rupture  strength  of  P/M  Co-HfC  alloys  could  be 
increased  to  that  of  their  cast  counterpart  using  TMT  but  the  slopes  of  the 
log  stress-log  rupture  life  curves  of  the  cast  alloys  were  flatter. 

7.  In  addition  to  solid  solution  strengthening  in  both  alloy  systems, 

M-509  alloys  were  strengthened  by  two  precipitates,  Cr23C6  and  a  tantalum- 
rich  MC  carbide  while  the  Co-HfC  alloys  contained  only  HfC  precipitates. 
Cr23C6  PreciPitates  in  M-509  solutionized  sufficiently  at  2250  ±  50°F 
(1232  ±  28°C)  to  allow  abnormal  grain  growth  to  occur  generating  a  preferred 
220  texture  in  the  extrusion  direction.  HfC  precipitates  in  P/M  Co-HfC 
alloys  stabilized  the  fine,  equi-axed,  as-extruded  grain  structure  at 
temperatures  in  excess  of  2400°F  (131 6°C)  and  retained  much  of  the  stored 
energy  of  TMT  up  to  2300°F  (1260°C)  for  short  term  (1-4  hour)  exposures. 

The  oxidation  resistance,  as  determined  by  interrupted  exposures  up  to  100 
hours  in  duration  at  2000°F  (1093°C),  of  P/M  M-509  was  comparable  to  that 
of  cast  M-509.  The  oxidation  resistance  of  P/M  Co-3  atom  %  HfC  was  com¬ 
parable  to  or  exceeded  that  of  the  best  commercially  available  cobalt  base 
superalloy. 


I 


-62- 


l 

L 

[ 


CL  10 


to 

c 

o 


■r-  0) 

T3  E  CO 
C  *r-  J- 
O  I —  -C 
O 


CL 

E  Li¬ 

eu  o 


00 

CM 


i—  CM 


r-» 

CM 


Lf) 

P'- 


O 

o 

o 

CM 


O 

LO 


00 

CM 


CM 


O 

O 

CO 

CM 


CO  Lf) 

CM  i— 


i—  CM 


LO  CO 
I—  CM 


CM 


CO 

CM 


i—  CM 


O 

O 

CO 

CM 


ai 

UJ 

»— 

CO 

cn 

CVJ 

r>.  cvj 

U- 

• 

• 

• 

•  • 

< 

X 

f—  1 

1  CO 

1  \  ++ 

cnj 

i  in 

CO  ^ 

r— 

r“ 

CVJ 

Q 

Z 

< 

♦ 

UJ 

**■•■«* 

a: 

E 

CVJ 

cn 

CVJ 

CVJ 

CVJ  CVJ 

o 

u. 

CL 

CL  i- 

o 

1  • 

i 

o 

• 

O  CVJ 

i  • 

o 

•  • 

o  o 

UJ 

V 

V  *— 

V 

V  V 

CO 

to 

CO 

cu 

UJ 

•l — 

CO 

4J 

>- 
— 1 

•p— 

S- 

o 

CO 

o 

LO  O 

o 

o  o 

c 

3  Z 

(—  1 

1  I— 

i  t— 

p—  r— 

1  *— 

r-  r— 

z 

CL 

CO 

V 

»—  V 

V 

V  V 

c 

E 

00 

c 


oc 

=J 

o. 

z 


z: 

o 

to 

o 

z 

<c 

to 

>- 

o 

_l 

<t 

a. 


O  LO 


*3" 

00 


o  o 

O 


o 

■r-  to 

4J  to 
to  <U 
N  O 
•r-  O 

E  I- 
O  CL. 


<a 

cu 


n 

0) 


E 

ia 

cu 


E 

ia 

0) 


2 


s- 

CD 

"O 

5  Q- 
O 

Q.X 


in 

o 


s- 

cd 

“O 

S  O- 
o  »-* 

Q.X 


CO 

o 


in 

o 


s- 

0) 

"O 

X  Q- 
O  »-h 
Q_  X 

O 


in 

o 


*s- 

CD 

"O 

3S  Q- 

O  »-h 

ai 

i  i 

co 

o 


in 

o 


o 

cu 

4J 

o 

X 

s- 

a>  + 

"O 

^  O- 
O  »-H 
ax 

i  i 

in 

o 

i 

in 

o 


s~ 

CD 

“O 

5  o- 
o  *-* 

Q.X 

I  I 


in 

o 


co 

CVJ 


in 

in 

o 

o 

in 

in 

o 

CO 

o 

o 

CVJ 

CO 

o 

CVJ 

CO 

1— 

CO 

CVJ 

CO 

CVJ 

CVJ 

CVJ 

CM 

CVJ 

CVJ 

CVJ 

o  o 

o 

o  o 

CO  o 

o 

O 

o 

o 

CO 

in 

o  o 

ex?  0? 

O  1 

LO  CD 

»—  r>. 

1  00 

o 

m 

to 

in 

i 

i —  r~. 

vo 

o 

<D  f— 

cn 

CM 

CO 

t3- 

CVJ 

CO  CM 

E 

E 

E 

E 

E 

E 

E 

03 

3 

<o 

rt3 

IO 

=3 

c 

3 

CD 

3 

CD 

CD 

cu 

3 

•r» 

3 

4J 

U 

4-> 

4-> 

4J 

O 

Q. 

O 

to 

03 

CO 

to 

to 

<o 

to 

<o 

> 

> 

> 

s- 

s- 

s- 

s- 

$- 

s- 

CD 

CD 

CD 

CD 

cu 

CD 

"O 

"O 

“O 

“O 

-o 

“O 

^  Q- 

3  a. 

S  Q- 

o 

o 

o 

O  *-* 

o  •-< 

O  ‘ 

Q- 

Ql 

a. 

Q-X 

Q.3I 

Cl  x 

1 

co 

ri 

ri  * 

n- 

i-!- 

O 

o 

O 

X 

c_> 

X 

l 

CVJ 

CVJ 

CO 

CO 

rvj 

in 

X 

X 

z 

X 

o 

o 

o 

o 

C_) 

o 

CD 
CO  X 
0)  4-> 
CO 

ca 

c  >> 
ca  o 


cu  to 
z  cu 
■*-> 

*  its 
$-  x> 

<C  r- 

*  o 
Z  to 


»—  in 

O  CO 

•  u 

to 

"O  i- 

V 

o 

03 

"O  s- 

C  CD 

CVJ  CVJ 

o  o 

CVJ 

O  CVJ 

03  “O 
4->  jt 
to  O 

o 

V  V 

V  »— 

“O 

CD  >> 
■M  C 

03  03 

s. 

-Q  C 

o  o 

co 

•r*  «p- 

V  V 

cn  cvj 

03  “O 
U  CD 

-o  o 
c  cu 

03  ■*-> 

cu 

I-  TI 

cu 

N  CO 

>>  g 

03 

c  E 

<a  3 


cu  cu 

CT>J= 

>. 

X  o 

O  Z 

o 

c_>  . 

UJ  x»  • 
— I  o  -*-> 

SZ  -r- 

IB4J  E 
CU  *r— 
CD  E  •— 
c 

■-“£=>> 
to  O  -*-> 

3  •>-  -p- 
IO  i — 
CO  3  -p- 
CU  4-  JO 

to  CO 
>>  E  +-> 
<—  3  U 
CO  3  CU 
C  O  4-> 
CO  CO  CU 
>  X3 
C 

CU  CD  E 
oic  a 
>>**—  Q. 
X  c/l 
O  3  CM 


I 


-63- 


TABLE  II 

DENSITY  CHANGES  DURING  ANNEALING 


Annealing  Treatment 

Density 

Alloy 

AR-M-509  Allovs 

Temp(°F) 

Time(hrs) 

Decrease  (%) 

C51-01-H 

2350 

16 

0.1 

C51-03.4-H2000 

2200 

5 

-0.1 

2300 

1 

1.7 

2300 

20 

5.1 

2350 

16 

7.6 

C51 -04-H21 50 

2200 

5 

0.3 

2300 

1 

0.6 

2300 

20 

3.3 

2350 

16 

5.9 

C51-03-H2300 
sample:  outer 

HIP  Billet 
radius 

4-3/4" 

dia.  X  4-3/4"  high 

2300 

1 

2.5 

2350 

3/4  radius 

16 

5.3 

i 

2300 

1 

3.1 

2350 

1/2  radius 

16 

7.2 

2300 

1 

3.2 

2350 

1/4  radius 

16 

7.5 

2300 

1 

3.6 

Billet 

2350 

Center 

16 

8.3 

2200 

5 

0.3 

2300 

1 

3.7 

2300 

20 

5.4 

C51 -HI -HT22 ( 5 ) 

2300 

1 

0.4 

2300 

20 

0.1 

C51-01-HE 

2300 

4 

0.1 

2300 

64 

0 

C51-05-HR 

2250 

2 

5.0 

2275 

36 

15.3 

2325 

27 

14.8 

C52-06-HE 

2300 

7 

0.5 

CZ1-01-HE 

2300 

7 

0.1 

(continued) 
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Table  II,  continued 

m 

(hrs). 

m 

Co-HfC  Alloys 

CH2-01 -HE 

2300 

20 

1.9 

CH2-01-HEH 

2300 

4 

0.4 

CH7-H2-HE 

2200 

5 

2.2 

2300 

1 

4.2 

2300 

20 

6.8 

CH6-H1 -HE 

2300 

7 

6.0 

2400 

2 

17.6 

2425 

2 

17.9 

CH6-M1-C 

2425 

17 

1.5 

CH8-C1 -HT22 (5) 

2300 

1 

0.3 
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TABLE  V 

X-RAY  DIFFRACTION  DATA  AFTER  ISOCHRONAL  (ONE  HOUR)  ANNEALING  TREATMENTS 
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TABLE  IX 

EXAMPLES  OF  GRAIN  SIZES  IN  P/M  COBALT  BASE  ALLOYS 
AFTER  ANNEALING  AT  2300°F  (126Q°C) 


Prior 

Treatment 

Time 

at 

2300°F 

Grain 

Size,  (L,  u1 

11 

C51 

CH2 

CH6 

As  Extruded 

0 

3.8 

10-75 

4 

1 

10-500 

15-100 

25 

20-200* 

4.5 

100 

60-800 

20-70 

20 

S20N15 

0 

4 

3 

1 

25-150 

4.5 

100 

16 

S30N15 

0 

4 

3 

1 

x**-1000 

4.5 

25 

5.5 

S40N15 

0 

2.5 

4 

1 

10-40 

100 

60-1000 

S20N18 

0 

3 

3 

1 

x-1000 

3 

S30N18 

0 

6 

1 

8 

100 

18 

S40N18 

0 

10 

4.5 

25 

80 

6 

100 

200-1500 

S30-40N21 

0 

13 

3.5 

1 

20 

25 

25 

7 

100 

40 

7 

Note:  Low-high  range  of  grain  sizes  is  indicated  for  duplex  grain 
structures.  Single  value  indicates  uniform  grain  size. 

*  few  isolated  grains  are  larger 

**  letter  "x"  means  finer  grain  size  was  not  measured 
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TABLE  X 


I 

1 


1 


ROOM  TEMPERATURE  TENSILE  PROPERTIES  OF 
MAR-M-509-TYPE  P/M  ALLOYS 


Alloy 

HIP  +  EXTRUDED  ALLOYS 


MAR-M-509  P/M  Alloy 

C51-01-HE 

C51-01-HE 

T2280(116)A6 
T23 (4)  no  age 
T23(4)A6 
T23 (64 )A6 
T2350(l )A6 
S20N15A6 
S30N1 5A6 
S30N1 5T23 (4 ) A6 
S40N1 5*A6 
S40N1 5*T23(4)A6 
S20N18A6 
S20N1 8T23 (4)A6 
S30N18A6 
S30N18T23(4)A6 
S40N18A6 
S40N18T23(4)A6 

HI  W,  Cr,  and  C  Modification 

C52-06-HE 

T23(4)A6 
S30N21A6 
S30N21 T23 ( 4  )A6 

Hi  Zr  Modification 

CZl-Ol-HE 

T23 ( 7 )A6 
S22N1 5*A6 
S22N1 5*T23(4)A6 

HIP 1 ed  MAR-M-509  P/M  Alloys 

C51 -034-H2000(2) 

H20(2)H2325(2) 

C51 -04-H21 50(2) 

C51 -03-H2300(2) 

H23 ( 2 )H23 (4 ) 

C51  -HI -H2235(2) 


YS 

UTS 

Elong. 

(0.2%) 

ksi 

ksi 

% 

135 

190 

11 

123 

195 

17 

94 

166 

11 

96 

166 

24 

no 

155 

10 

114 

134 

2.8 

92 

120 

1.0 

169 

202 

13 

154 

193 

14 

114 

153 

7.6 

166 

193 

13 

130 

162 

4.3 

143 

195 

20 

93 

127 

9.6 

164 

200 

14 

122 

170 

11 

165 

195 

13 

122 

166 

9.4 

138 

182 

3 

130 

174 

15 

166 

198 

12 

137 

162 

4 

129 

188 

6 

135 

164 

4.2 

158 

190 

7.6 

117 

161 

11 

98 

119 

0.7 

72 

104 

2.1 

78 

no 

1.5 

68 

94 

1.2 

108 

113 

1 .4 

122 

161 

6 

R.A. 

% 


8 

14 
8 

21 

10 

1.0 

1.0 

18 

21 

10 

15 
3 

19 

8.0 

12 

10 

12 

6.0 


2 

12 

14 

4 


7 

6 

2 

10 


<1 

1 

1.2 

<1 

0.7 

6 


1 


I 


(continued) 
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Table  X.  continued 


YS  UTS 

ktp'pH  +  Hot  Rolled  MAR-M-509  P/M  Alloys 

Elong. 

R.A. 

C51-05-HR* (6:1  RA  at  2100) 
Longitudinal  direction  150 

188 

2 

2 

Long  transverse  direction 

1 55 

193 

2 

2 

3.8 

C51 -05-HR ' T2260 ( 1  )A6  97 

158 

4.7 

C51-05-HR'R(2:l  RA  at  1800) 

239 

251 

<2 

<1 

HR ' R( 2 : 1  RA  at  1600) 

271 

271 

<1 

<1 

HR ' R(2: 1  RA  at  1400) 

305 

307 

<1 

<1 

HR ' R (2 : 1  RA  at  1200) 

298 

308 

<1 

<1 

*  except  for  final  I. A.  at  2100°F  (1149°C). 
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TABLE  XI 

ROOM  TEMPERATURE  TENSILE  PROPERTIES  OF 
Co-HfC  P/M  AND  CAST  ALLOYS 


_ Alloy _ 

Co-1  atom  %  HfC 

CHl-Ml-cast 

CH2-01 -HE (HIP  +  Extr) 

CH2-01 -HEH ' 2200 ( 4 ) 

CH2- 01 -HEH2300 ( 1 ) 
CH2-01-HEHT23(4)A6 
HEHT2350(4)A6 
HEHS30N18A6 
HEHS30N18T23(4)A6 
HEHS40N21A6 
HEHS40N21 T23 (4)A6 

Co-2  atom  %  HfC 

CH7-Ml-cast 
CH8-C1 -HIP  only 
CH7-H2-HE (HIP  +  Extr) 
CH7-H2-HE  S30N1 5*A6 

HE  S30N1 5*T23(4)A6 
CH7-H2-HE  S30N18A6 

HE  S30N18T23(4)A6 


YS 

UTS 

Elong. 

R.A. 

(0.2%) 

ksi 

ksi 

% 

% 

60 

82 

12 

98 

142 

4 

6 

97 

137 

11 

10 

70 

111 

5 

5 

*90 

134 

8.6 

6 

100 

130 

9 

5 

132 

160 

5.2 

7, 

80 

105 

6.2 

4 

168 

186 

11 

12 

101 

131 

4.8 

3 

80 

101 

1.2 

1 

117 

117 

<1 

<1 

105 

154 

7 

5 

139 

183 

22 

19 

97 

151 

23 

21 

169 

204 

5 

6 

96 

141 

15 

4 

Co- 3  atom  %  HfC 
CH6-M1-cast 

CH4-M1 -C**H2275(2)H2300(2) 
CH4-M1 -CR ( 5 : 1  RA  at  2100)A6 
CH6-H1-HE(HIP  +  Extr) 

T23 ( 4 ) A6 
T2426 (17) 

S20N15A6 

S20N1 5T23(4)A6 

S30N15A10 

S30N15A6 

S30N1 5T23(4)A6 

S40N1 5***A6 

S40N1 5***T23(4)A6 

S20N18A6 

S20N1 8T23 ( 4 )A6 


*60 

77 

1 . 

113 

145 

4 

148 

170 

12 

132 

187 

4 

136 

188 

26 

75 

104 

8 

203 

250 

9 

151 

216 

18 

255 

255 

<1 

200 

250 

13 

174 

235 

13 

163 

202 

14 

126 

154 

5 

151 

201 

26 

140 

185 

18 

(continued) 


1 

4 

8 

4 

23 

7 

10 

17 

<1 

14 

14 

8 
3 

24 
16 


Table  XI,  continued 
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CH6-H1 -HES30N1 8A1 0 
S30N18A6 
S30N1 8T23 (4)A6 
S40N18A6 
S40N18T23(4)A6 
S20N21 

S20N21 T23 (4 )A6 
S30N21A6 
S30N21 T23 (4)A6 


YS 

UTS 

Elonq. 

R.A. 

279 

299 

1 

1 

143 

198 

19 

18 

132 

186 

18 

18 

134 

190 

25 

16 

120 

180 

32 

22 

210 

222 

7.2 

12 

134 

170 

10 

10 

176 

238 

16 

12 

126 

181 

26 

19 

*  except  for  final  I. A.  at  2100°F  (1149°C) 
**  quench  cast  into  copper  molds 
***  except  for  final  I. A.  at  2300°F  (1260°C) 
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TABLE  XII 


STRESS  FOR  10  AND  100  HOUR  RUPTURE  LIFE 


Alloy 


Temp 

Un¬ 


stress  for  Life 
10  hr.  100  hr 
ksi  JS§1- 


Slope1 

J 


Mflp-M-snq-Tvpe  Alloys, 


C51-01-HE 
"  T2280  TllO) 
T2290  (1) 
T2300  (4) 
T2300  (64) 
T2350  (1) 
S40N1 5* 
S40N15T23** 


S40N18 

S40N18T23 


C51-01-HE 

T23 

S40N15 

S40N15T23 

S40N18 

S40N18T23 

C51-01-HE 

"“T23 

S40N15 

S40N18 


C51-05-HR 

R18 

R16 

R14 

R12 


C52-06-HE 

T23 

S30N21T23 

C52-06-HE 

T23 

CZ1-01-HE 

T23 

S22N21T23 

CZ1-01-HE 
"" T23 


800 

4.8 

8.1 

11.0 

13.0 

14.0 

15.5 

9.0 

11.0 

7.4 

11.5 

2.5 

4.6 

7.5 

9.2 

9.2 

10.5 

4.5 

7.1 

3.5 

7.4 

0.285 

0.245 

0.167 

0.150 

0.183 

0.170 

0.302 

0.192 

0.326 

0.192 

1500 

22.5 

32.5 

29.5 

36.5 

29.0 

34.5 

15.5 

28.0 

19.5 

29.5 

19.5 

25.5 

0.161 

0.065 

0.180 

0.096 

0.172 

0.130 

1200 

92.0 

86.0 

66.0 

74.0 

0.150 

0.065 

100.0 

79.0 

50.0 

0.128 

1800 

7.4 

4.6 

3.9 

4.0 

3.7 

3.4 

2.0 

2.0 

1.9 

1.6 

0.337 

0.362 

0.290 

0.324 

0.365 

1800 

4.5 

6.6 

9.0 

2.2 

3.6 

3.2 

0.312 

0.264 

0.450 

1500 

20.5 

30.0 

12.0 

16.0 

0.232 

0.274 

1800 

8.5 

9.4 

13.7 

5.4 

5.7 

9.5 

0.197 

0.217 

0.161 

1500 

26.0 

28.0 

16.0 

20.5 

0.213 

0.135 

(continued) 
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Table  XII,  continued 


Co-HfC  Alloys 

(°F) 

10  hr. 
ksi 

100  hr. 
ksi 

ill 

CH2-01-HE 

1800 

9.2 

3.9 

0.374 

CH2-01-HEH 

10.0 

6.2 

0.211 

T23 

11.0 

7.3 

0.178 

T2350  (4) 

11.0 

5.7 

0.287 

S40N21T23 

12.0 

8.3 

0.161 

CHI -Ml -Cast 

13.0 

9.0 

0.161 

CH2-01-HEH 

1500 

36.0 

26.5 

0.133 

T23 

33.5 

23.5 

0.155 

CH2-01-HEH 

1200 

108.0 

79.0 

0.135 

CH7-H2-HE 

1800 

6.7 

3.9 

0.234 

T23 

7.8 

4.1 

0.280 

S30N15T23  (1) 

12.3 

9.2 

0.126 

CH7-M1-C 

=11.5 

9.3 

0.094 

CH7-H2-HE 

1500 

23.5 

15.5 

0.182 

CH6  HI -HE 

1800 

8.0 

5.0 

0.161 

T23 

10.0 

5.8 

0.235 

S40N15*** 

13.0 

8.2 

0.198 

S40N1 5T23 

13.0 

6.8 

0.324 

S40N18 

11.8 

6.5 

0.260 

S40N18T23 

12.0 

8.0 

0.176 

S30N21 

12.4 

9.3 

0.126 

S30N21T23 

8.6 

5.5 

0.194 

CH6-M1-C 

12.0 

9.6 

0.098 

CH6-H1-HE 

1500 

26.0 

18.3 

0.152 

T23 

29.5 

22.0 

0.126 

S40N15 

30.5 

18.0 

0.230 

S40N15T23 

36.0 

23.0 

0.196 

S40N18 

30.0 

23.3 

0.109 

S40N18T23 

33.5 

24.6 

0.135 

S30N21 

33.5 

24.6 

0.135 

S30N21T23 

37.0 

28.5 

0.113 

(continued) 
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10  hr. 

100  hr. 

(°F) 

ksi 

ksi 

ill 

CH6-H1-HE 

1200 

85.0 

62.0 

0.141 

T23 

88.0 

65.0 

0.133 

S30N15A10 

74.0 

47.0 

0.196 

S40N15 

84.0 

56.0 

0.176 

93.0 

63.0 

0.169 

86.0 

50.0 

0.235 

S30N21A6 

2000 

4.8 

3.8 

0.1 

S30N21T23 

1.8 

- 

- 

1  .  Anq10  hr~£np100  hr 
siope  Hn  100  hr- Jin  10  hr 

*  Except  for  final  I. A.  at  2100°F  (11 49°C )  for  this  alloy. 

**  All  2300°F  (1260°C)  anneals  are  for  four  hours  unless  indicated 

***  Except  for  final  I. A.  at  2300°F  (1260°C)  for  this  alloy. 

Note:  all  samples  aged  20  hours  at  1650°F  (8SJ°C)  unless  indicated. 


ELECTROLYTICALLY  EXTRACTED  PHASES 
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Figure  1  -  Effect  of  Tap  Temperature  and  Chemistry  on  the  Morphology 
of  Steam  Atomized  Coarse  Cobalt  Powders. 
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(b) 

FIGURE  2.  STEAM  ATOMIZED  Co-HfC  POWDERS  SHOWING: 

(a)  Co-1  atom  %  HfC  powder  morphology  with 
(right)  and  without  (left)  0.8%  Si  additions, 

XI;  (b)  typical  morphology  of  alloys  with 
greater  than  about  3%  Hf  additions,  XI. 

3 
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(b) 


Fiqure  3  -  P/M  MAR-M-509  alloy  after  holding  2  hours  at  1330°C  (2426°F;  and 
air  cooled,  (a)  Etched.  150X.  (b)  Etched  to  reveal  four  major  types  of 
phases  after  partial  melting.  750X. 
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FIGURE  4 


DROSITY  IN  HIP  +  HOT  ROLLED  P/M  MAR-M-509 
FTER  ANNEALING  TWO  HOURS  AT  (a)  2265°F 
1240°C) ;  (b)  2300°F  (1260°C) ;  (c)  2330  F 

T?ao°c).  X150.  Etched  electro,  chromic 


acid. 
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(b) 

5  .  HIP  +  EXTRUDED  P/M  COBALT- 3  ATOM  %  HfC  IN 
(a)  as-extruded  condition;  (b)  after  one 
hour  anneal  at  2440°F  (1340°C)  .  X1500. 

Etched  electro.  Oxalic-HCl  acids. 


FIGURE  6 


OXIDATION  SAMPLES,  LOOSE  SCALE  AND  CROSS  SECTION 
PHOTOMICROGRAPHS  AFTER  100  HOURS  AT  2000°F 
(1093°C).  (a)  XI;  (b)  P/M  Co-3  atom  %  HfC 

(CH6);  (c)  P/M  MAR-M-509  alloy  (C51),  cross 
sections,  X400.  Carbides  stained. 


-91- 


FIGURE 


Reproduced1'®™ 

best  available  c° 
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PR0CES5ING  OF  PM  IN-lOO 

The  following  is  a  brief  summary  of  some  of  the  experimental  research 
carried  out  during  the  period  of  this  Technical  Report. 

A.  GRAIN  GROWTH  STUDIES 

In  order  to  evaluate  the  grain  coarsening  rates  of  extruded  IN  100 
powders,  a  series  of  grain  coarsening  experiments  were  run  at  selected 
temperatures,  under  the  incipient  melting  temperature.  Specimens  of  extrud¬ 
ed  Nuclear  Metals  powder  were  heated  to  the  appropriate  test  temperature  in 
an  argon  atmosphere,  and  samples  were  removed  from  the  furnace  and  air 
cooled  at  various  time  intervals.  The  specimens  were  then  prepared  for 
metal lographic  examination  and  etched  in  glyceregia,  to  show  both  grain 
boundaries  and  gamma  prime  precipitate.  Photomicrographs  were  taken  at 
150X  and  the  Hilliard  Intercept  Method  was  used  to  determine  the  average 
grain  size  for  a  given  time  interval  at  temperature  (see  Figure  1). 

From  this  plot  of  average  grain  size  versus  time  at  temperature,  it 
is  seen  that  the  grain  coarsening  rate  of  IN  100  is  an  interface  controlled 
mechanism  and  can  be  represented  by  the  linear  relationship 

D  -  DQ  =  Kt 

where  D  is  the  average  grain  size,  DQ  is  the  initial  grain  size,  t  is  time 
and  K  is  a  constant  of  proportionality.  This  constant  K  can  be  replaced  as 

K  =  K  e-WRT 
0 

where  KQ  is  another  constant  of  proportionality,  Q  is  an  empirical  heat  of 
activation  for  the  process,  T  is  temperature  in  °K  and  R  is  the  international 
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gas  constant. 

By  plotting  the  log  of  the  slopes  of  the  grain  size  versus  time  plot 
curves  against  the  reciprocal  of  absolute  temperature  (see  Figure  2),  and 
finding  the  slope  of  the  resulting  curve,  the  heat  of  activation,  Q,  is 
found  as  follows: 

L)-D 

log  =  Q/2.3R 

7.9  X  103  =  Q/ (2.3.) ( 1 .98  X  10‘3) 

(7.9  X  103) (4.554  X  10"3)  =  Q 
Q  =  35977  cal/gm  atom  =36000  cal/gm  atom 

This  value  shows  that  the  rate  of  grain  growth  is  extremely  temperature 
dependent,  and  will  hopefully  aid  in  the  evaluation  of  the  grain  growth 
rate  kinetics. 

B.  SINTERING 

In  order  to  understand  the  process  of  hot  isostatic  pressing  of 
powders,  laboratory  simulation  of  the  sintering  of  loose  powder  was  perform¬ 
ed.  Loose  powders  of  IN  100  were  capsulated  in  quartz  cylinders  and 
placed  under  vacuum.  Figures  3  and  4  illustrate  the  sintering  phenomena 
under  a  vacuum  of  10  6  mm  of  Hg  and  show  an  opening  of  surface  pores  and 
the  formation  of  necks  between  powder  particles.  Figures  5,  6  and  7  show 
the  different  varieties  of  oxide  that  may  form  when  the  vacuum  is  not  low 
enough  and/or  oxygen  enters  into  the  sintering  container.  A  network  of 
oxide  particles  and  oxide  whiskers  are  formed  which  prevent  the  proper 
bonding  of  the  powder  particles  during  sintering. 

C.  HOT  PLASTICITY 

One  of  the  major  reasons  for  the  use  of  powder  techniques  in  relation 
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to  superal loys  is  the  improvement  in  hot  plasticity.  Therefore  an  inves¬ 
tigation  of  the  hot  plasticity  of  IN  100  as  a  function  of  hot  isostatic 
pressing  variables  was  begun. 

The  study  of  hot  plasticity,  or  hot  workability  is  preformed  with  a 
high  strain  rate  testing  machine.  For  this  testing  a  Nemlab  high  strain 
rate,  hot  tensile  testing  machine  was  used. 

The  data  obtained  from  these  preliminary  tests  is  given  in  Tables  I 
and  II.  From  the  data  stress  versus  rupture  time  stress  versus  deformation 
rate  and  deformation  rate  versus  percent  elongation  curves  were  plotted 
(see  Figures  8  through  13). 

The  stress  versus  rupture  time,  and  the  stress  versus  deformation  rate 
curves,  show  a  linear  relationship  on  log-log  plots.  The  ductility  is  less 
than  3/o  at  all  temperatures  of  testing,  but  it  does  increase  slightly  with 
slower  deformation  rates.  It  was  decided  that  the  powder  which  was  hot 
isostatically  pressed  at  2150°F  for  5  hours  exhibited  the  best  hot  plastic¬ 
ity  if  deformed  at  a  temperature  just  above  2100°F  (i.e.,  2125°F)  and  a 
strain  rate  of  10  3  inches  per  inch  per  second.  After  drawing  these 
conclusions,  three  billets  were  prepared  and  forged  satisfactorily.  These 
forgings  are  now  in  the  process  of  being  evaluated. 

D.  CRACK  PROPAGATION  AT  ELEVATED  TEMPERATURES 

Work  has  just  begun  on  the  study  of  the  rate  of  crack  growth  in  super¬ 
alloys  at  elevated  temperatures  (i.e.,  1400  to  1700°F)  during  both  fatigue 
and  creep  conditions.  A  testing  procedure,  material,  grips,  equipment, 
etc.  have  been  set  up  and  work  is  in  progress. 
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E.  FUTURE  WORK 

Future  work  will  include  the  following: 

1)  Continued  work  on  the  influence  of  HIP  parameters  oi>  the  hot  plasticity 
of  IN  100. 

2)  Crack  propagation  in  cast  IN  100  and  IN  100  forged  from  a  PM  billet 
under  creep  and  fatigue  conditions. 

3)  Grain  growth  tests  with  improved  alloy  powders  and  at  different  grain 
coarsening  temperatures. 

4)  An  investigation  of  the  diffusion  of  argon  into  the  powders  during  hot 
isostatic  pressing  operations  will  be  concluded  with  the  Task  I  research 
group. 

5)  Hot  plasticity  tests  will  evaluate  a  new  powdered  IN  100,  developed  by 
Professors  R.  Mehrabian  and  M.C.  Flemings,  which  is  described  in  Semi- 
Annual  Technical  Report  #4. 
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TABLE  II 

The  Hot  Plasticity  Data  of  IN  100  PM  Hot  Isostatical ly 
21 50°F,  15  +  ksi  for  5  hours  Under  Varying  Testing  Temperatures 
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Figure  4  -  The  surface  of  IN  100  powder  particle  after  vacuum  sintering  at 
2150°F  for  2  hours.  775X. 
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Figure  6  -  A  nodular  and  spore  type  oxide  formed  on  the  surface  of  sintered 
IN  100.  2420X. 
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Figure  7  -  A  whisker  type  oxide  formed  on  the  surface  of  sintered 
IN  100.  800X 
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Figure  9  -  High  Strain  Rate  Log  Stress  vs.  Log  Deformation  Rate  at  Test  Temp  of  2100°F 
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Flgurt  11  -  High  Strain  Rate  Effect  of  Stress  on  Rupture 
Tine  at  Varying  Temperatures 
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Inclusion  Separation  in  Ductile  Matrices 

A.  S.  Argon 
J.  Im 

A  Introduction. 

The  research  on  the  conditions  of  separation  of  inclusions  from 
plastically  deformable  matrices  has  progressed  in  three  directions: 
a)  further  experiments  on  inclusion  separation  on  spheroidized  medium 
carbon  steel  both  at  room  temperature  and  at  elevated  temperature 
just  under  the  anstenite  transition,  preliminary  experiments  on 
hole  formation  from  elongated  inclusions  such  as  coarse  pearlite 
platelets;  and  b)  experiments  on  inclusion  separation  in  copper  with 
chromium-copper  inclusions;  c)  evaluation  of  the  triaxiax  stress  and 
equivalent  plastic  strain  distribution  in  the  inhomogeneous  plastic 
flow  field  in  the  neck  of  a  tensile  bar  for  a  strain  hardening 
elastic-plastic  material,  by  adopting  the  solution  of  Needleman 
(1972)  to  the  materials  of  interest  in  the  research.  The  report 
below  gives  a  short  summary  of  progress  in  each  of  these  fields. 

B  "  Infusion  Separation  at  Elevated  Temperature. 

The  experiments  on  inclusion  separation  in  spheroidized  1045 
steel  wera  extended  to  elevated  temperature  to  determine  the  effect  of 
dislocation  creep  and  vacancy  creep  on  the  condition  of  inclusion 
separation.  The  experiments  to  be  reported  below  consist  of  tensile 
extensions  to  fracture  in  air  at  conventional  extension  rates  of 
0.05  and  0.5  min  1  at  temperatures  of  4506C  and  630°C  which  are  0.4 
and  0.5  times  the  absolute  melting  temperature  respectively. 


-no- 


The  method  of  preparation  of  the  spheroidized  1045  steel  and  the 
resulting  equiaxed  iron  carbide  inclusions  were  described  earlier  in 
Progress  Report  //2.  The  round  bar  specimens  used  in  this  investigation 
were  prepared  in  the  same  manner.  They  were  extended  in  an  Instron 
machine,  temperature  was  maintained  by  a  resistance  furnace. 

The  fractured  specimens  were  sectioned  along  the  axis,  metallo- 
graphically  polished,  lightly  etched  withPicral  etch,  and  examined  in 
the  scanning  electron  microscope.  In  Fig.  1,  curve  1  shows  the 
cumulative  distribution  of  inclusion  fizes  in  the  unstrained  specimen, 
curve  2  shows  the  cumulative  distribution  of  sizes  of  the  separated 
inclusions  in  the  center  near  the  fracture  surface  in  a  specimen 
deformed  at  630°C,  while  curve  3  shows  the  cumulative  distribution 
of  separated  inclusions  at  a  point  along  the  axis  a  distance  3a 
(where  a  is  the  minimum  radius  of  the  neck)  away  from  the  fracture 
surface  again  at  630°C.  Figure  1  is  to  be  contrasted  with  Fig.  2 
which  shows  the  corresponding  distribution  of  total  numbers  of 
inclusions  and  separated  fraction  for  a  specimen  deformed  at  room 
temperature.  Evidently  at  room  temperature  a  much  larger  fraction  of 
the  inclusions  have  separated  while  this  fraction  at  630°C  is  at  least 
a  factor  of  2  less.  On  the  other  hand  examination  of  the  holes  in 
the  specimen  deformed  at  630°C  showed  that  they  have  grown  to  considerably 
larger  size  than  those  at  room  temperature.  These  observations  confirm 
that  the  time  dependent  creep  deformation  and  perhaps  to  a  smaller 
extent  the  presence  of  vacancy  currents  have  produced  local  stress 
relaxation  and  prevented  the  interfacial  stresses  from  reaching  the 
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high  magnitudes  necessary  for  separation.  Generally  it  is  known,  that 
large  inclusions  Land  to  separate  before  small  ones  do,  especially  when 
two  large  inclusions  are  near  neighbors  and  the  larger  than  average 
incompatibility  displacements  between  them  have  to  be  accommodated  in 
a  smaller  space,  (see  Progress  Report  it 2).  This  effect  is  clearly 
visible  in  both  Figures  1  and  2  in  that  the  points  of  maximum  slope 
in  curves  2  and  3  are  displaced  toward  the  right  of  that  of  curve  1. 

The  effect,  however,  is  not  as  striking  as  the  one  observed  by  Palmer 
and  Smith  (1966)  in  copper  with  silica  spheres. 

Similar  statistical  evaluations  will  be  performed  in  connection 
with  experiments  at  much  slower  strain  rates  which  are  now  in  progress,  to 
determine  whether  or  not  the  expected  trend  toward  increasing  resistance 
to  separation  of  inclusions  with  decreasing  strain  rate  will  continue. 

C  .  Separation  of  Copper-Chromium  Inclusions  in  Copper, 

The  room  temperature  experiments  on  inclusion  separation  are  now 
being  extended  to  copper  with  copper-chromium  inclusions.  Copper  with 
(0.5)%  chromium  bars  purchased  from  American  Metal  Climax  Inc.  have 
been  aged  at  700°C  for  a  week  to  coarsen  the  equiaxed  copper-chromium 
inclusions.  After  repeated  trials  the  best  conditions  for  coarsening 
quoted  above  produced  inclusions  with  sizes  in  the  submicron  range.  It 
has  been  found  that  such  inclusions  are  very  poorly  stuck  to  the  matrix 
and  tend  to  be  pulled  out  of  the  matrix  during  polishing.  This  problem 
was  overcome  by  resorting  to  mechanical  polishing  under  extremely  light 
loads  in  a  vibratory  Syntron  polisher.  A  family  of  specimens  contoured 
to  natural  neck  geometries  and  aged  to  obtain  inclusion  growth  have  now 
been  obtained  and  are  ready  for  testing  and  statistical  evaluation. 
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From  the  difficulties  with  the  polishing  it  is  expected  that  in  this 

t 

material  inclusions  will  separate  readily  after  only  very  small  amounts 
of  plastic  strain,  making  the  total  strain  to  fracture  rather  small. 

D  .  Hole  Nucleation  from  Plate-like  Inclusions. 

A  few  preliminary  experiments  were  performed  on  1045  steel  with 
a  coarse  pearlitic  microstructure.  Examination  showed  that  in  such 
cases  holes  are  often  formed  by  fracturing  of  the  inclusions.  Further 
analysis  and  experiments  are  planned  on  pearlitic  1045  steel. 

g .  Evaluation  of  Inhomogeneous  Strain  Fields. 

The  relatively  simple  inhomogeneous  plastic  flow  field  in  a  neck 
of  a  bar  extended  in  tension  was  used  in  the  past  to  test  the  assumed 
critical  interfacial  stress  condition  for  separation  of  inclusions 
from  the  matrix.  (See  progress  report  # 2).  For  that  purpose  the 
available  approximate  solution  of  Bridgman  had  been  extended  to  give 
the  distribution  of  triaxial  stress  along  the  axis  away  from  the  surface 
of  fracture  (See  Progress  Report  # 2  ).  Expecting  that  the  level  and 
range  of  the  triaxial  tensile  stress  in  the  center  of  the  separated  inclu¬ 
sions  and  the  range  of  the  cavitated  material  away  from  the  surface  of 
fracture,  the  triaxial  tensile  stress  distribution  along  the  axis 
obtained  from  the  extended  Bridgman  solution  was  compared  with  the 
distribution  of  the  density  of  separated  inclusions  along  the  axis  in 
the  necked  and  fractured  specimens  deformed  at  room  temperature.  It 
was  observed  that  the  actual  density  of  separated  inclusions  falls  off 
more  sharply  along  the  axis  than  the  distribution  of  triaxial  tensile 
stress  obtained  from  the  extension  of  the  Bridgman  solution.  This 
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suggests  that  the  Bridgman  type  solution  overestimates  the  range  of 
the  triaxial  stress  leading  to  errors  in  the  evaluation  of  the  local 
conditions  which  are  used  as  a  test  for  the  conditions  of  inclusion 
separation.  To  improve  the  analysis  the  solution  of  Needleman  (1972)  for 
the  stresses  in  an  extended  and  necked  bar  of  a  strain  hardening  material 
were  examined.  This  solution  was  found  to  give  very  similar  results 
to  those  of  the  modified  Bridgman  analysis  for  the  cases  of  bars  with 
initially  uniform  cross-section.  If  this  solution  was  used  to  evaluate 
the  triaxial  tensile  stress  distribution  in  initially  contoured  bars 
stretched  to  fracture  at  a  final  axial  contour  the  extent  of  the  triaxial 
stress  was  found  to  be  even  larger  than  that  in  the  modified  Bridgman 
solution  Suggesting  that  in  bars  of  plastically  isotropic  material 
with  art  initially  machined  axial  neck  contour  the  deformation  is 
highly  localized  at  the  neck  and  that  the  correct  distribution  of  stress 
can  only  be  obtained  by  using  the  Needleman  method  of  analysis  on 
bars  with  initial  neck  contours  but  also  starting  with  a  state  of 
plastic  isotropy.  Such  solutions  will  now  be  obtained. 
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Fig.  1  Cumulative  density  of  inclusions  of  all  3izes  (1),  density  of 
separated  inclusions  near  the  fracture  surface  (?),  density 
of  separated  inclusions  along  the  axis  a  distance  of  three 
nec<  radii  ewey  (3), in  specimen  fractured  at  ''30°C. 
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Fi;:.  2  Cumulative  censity  of  inclusions  of  all  .sizes  (1),  density  of 
separated  inclusions  near  the  fracture  surface  (?) ,  density 
of  separated  inclusions  along  the  axis  a  distance  of  three 
neck  radii  avay  (3),  in  specimen  fractured  at  room  temperature. 


